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I.  ABSTRACT 


In  this  volume,  the  resxiltfi  of  base  metal  and  veldment  tests,  and  analyses 
of  design  deviations  on  materials  and  configurations  of  large  solid  motor 
cases  of  the  623A  class  are  presented.  A  resultant  end  product  of  the  above 
Is  the  development  of  tables  and  curves  depicting  allowable  Initial  flaw 
sizes  In  weldments  of  three  large  motor  case  designs.  Such  data  considers 
the  combined  effect  of  material  toughness,  anticipated  siibcrltlcal  flaw 
growth,  and  total  applied  stresses  which  Includes  the  effects  of  designed 
and  manufactTired  discontinuities. 

A  second  phase  of  this  program  sumnarlzed  In  this  volume  Is  the  data  gener¬ 
ated  during  a  statistically  designed  experiment  devoted  to  the  development 
of  welding  processes  on  three  promising  new  materlads.  The  effects  of 
welding  process  variables  on  weld  quality  and  toughness  (KIC)  are  shown. 

Volume  II  describes  the  work  performed  to  date  In  the  area  of  nondestructive 
lnsi>ectlon  and  Includes  specifications  for  fabrication  of  an  automated  ultra 
sonic  inspection  system  suitable  for  use  on  large  diameter  motor  case  weld¬ 
ments. 
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II.  INTRODUCTION 


The  objective  of  this  program  is  to  assess  material  and  process  requirements 
for  large  solid  propellant  motor  cases  fabricated  with  roll-and-weld  tech¬ 
nology.  Emphasis  is  placed  on  definition  of  material  requirements  for 
reliable  performance,  development  and  evaluation  of  advanced  welding  and 
inspection  methods,  and  improvement  in  the  engineering  standards  used  to 
produce  reliable  motor  cases. 

The  short-range  goal  includes  the  definition  of  the  effects  of  defects, 
design  deviations,  and  material  quality  on  the  performance  of  the  two  alloys 
presently  being  used  in  the  623A  programs,  and  a  review  of  the  capability 
of  present  nondestructive  testing  techniques.  The  long-range  goal  is  the 
establishment  of  large -motor- case  material  selection  criteria  eind  the  devel¬ 
opment  of  s\ifflclent  detailed  material,  process,  inspection,  and  subsize 
case  performance  data  on  motor-case  materials  to  ensure  a  rational  material 
selection  prior  to  the  initiation  of  potential  future  motor-case  designs. 

Initially,  efforts  included  the  evaluation  of  260  inch  case  raaterisd-process 
combinations,  and  welding  development  on  three  alternate  edJ-oys.  This  was  to 
be  followed  by  detailed  specimen  and  sub  scale  case  testing  of  the  two  most 
promising  alternate  alloys,  and  of  the  two  26O  inch  case  materials.  Since 
relea.se  of  the  September  Progress  Report,  however,  the  program  has  been  re¬ 
directed  to  include  an  evaluation  of  the  156  inch  case  material-process  com¬ 
bination.  This  has  required  the  elimination,  subsequent  to  the  multiple 
balance  experiment,  of  two  alternate  alloys  instead  of  one. 

A  summaiy  chart  of  the  program  plan  showing  the  major  areas  of  investigation 
is  shown  in  Figure  1. 
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III.  BACKGROUND 


Before  discussing  detailed  data  being  developed  on  this  program,  it  appears 
appropriate  to  briefly  describe  the  role  fracture  toughness  testing  and 
fracture  mechanics  analysis  play  in  material  selection  efforts.  Further, 
it  is  felt  necessaiy  to  define  the  more  important  relations  of  these  items 
with  design,  stress  analysis,  fabrication,  and  non-destructive  inspection 
procedures  in  obtaining  reliable  and  econcmical  motor  cases. 

From  examination  of  many  past  motor  case  and  pressure  vessel  failures  it 
beccanes  apparent  that  the  primaiy  causes  for  failure  are  pre-existing  flaws. 
Also  these  past  investigations  have  indicated  that  failure  occurs  vdien  the 
flaw  tip  stress  intensity  attains  a  critical  veJ.ue  which  is  coomonly  called 
the  plane  strain  fracture  toughness,  In  a  simplified  form,  the  stress 

Intensity,  K,  at  the  leading  border  of  a  surface  or  intemEJ.  flaw  can  be 
described  by  the  following: 

1 

K  =  I.IV^  <T(a/Q)2  (1) 

where 

a  =  semi-minor  axis  of  an  elliptical  flaw 
a  -  applied  gross  stress 

Q  =  Flaw  shape  parameter 

Mj^  =  magnification  factor  to  account  for  deep  flaws, 
multiple  flaw  Interactions,  etc. 

1.1  applies  for  surface  flaws,  emd  drops  to  unity  for  internal  flaws. 
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At  onset  of  rapid  propagation  and  fracture; 

Kic=  l.lVW  (2) 

By  describing  the  critical  flaw  size,  (b/q)^^,  as  the  Eillowable  Initial 
size,  (a/Q)j^,  plus  anticipated  subcritical  flaw  growth,  Equation  (2)  can  be 
rewritten  as: 

Allowable  (a/Q)  +  Subcritical _  1  /^±c  (3) 

^  growth  1 . 21  TTh— — 

where: 

=  total  applied  stress 

Analysis  of  each  element  of  Equation  (3)  is  required  and  will  be  discussed 
in  this  report. 

In  considering  leu*ge  diameter  motor  cases,  one  must  consider  the  following 
questions: 

1)  ^•/hat  values  are  of  primary  interest? 

2)  determines  the  total  applied  stress  level,  o^? 

3)  IVhat  type  of  subcritical  flaw  growth  might  one  expect? 

In  ans>7er  to  the  first  question,  it  is  apparent  that  weldments  and  heat 
affected  zones  (HAZ)  are  of  primary  Importance  for  determination  for 
two  reasons.  First,  weldment  and  HAZ  torighness  values  are  generally  lower 
than  parent  metal  values,  and  secondly,  the  probability  of  flaw  occurrence 
is  highest  in  these  areas. 

Accordingly,  primary  emphasis  in  the  alternate  materials  portion  of  this 
program  is  placed  on  the  determination  of  weldment  and  HAZ  values  and 
in  determining  the  influence  of  process  variable  on  these  values.  Additional 
emphasis  will  be  placed  on  thick  section  properties. 
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In  ansver  to  the  second  question^  the  applied  prlmaiy  stresses  In  a  motor 
case  are  dependent  upon  the  design  factors  of  safety  and  the  selected  heat 
treat  strength  level.  But  as  Important,  the  deteimlnatlon  of  critical  flaw 
sizes  or  allowable  Initial  flaw  sizes  must  Include  consideration  of: 

1)  Secondaiy  or  discontinuity  stresses  Inherent  In  the  design  (e.g.,  heaid 
to  shell  Joints). 

2)  Secondary  stresses  res\iltlng  fran  design  deviations  (e.g.,  linear  and 
angular  mismatch) . 

3)  Possible  residual  stresses 

Later  paragraphs  will  discuss  procedures  used  to  determine  these  secondary 
stresses  and  show  the  probable  Influence  of  these  stresses  on  critics!  flaw 
sizes.  Also,  Included  are  the  results  of  resldusLL  stress  measurements  msuie 
on  the  Aerojet  and  Thlokol  260  inch  diameter  motor  cases. 

With  regard  to  subcrltlcal  flaw  growth,  probably  the  most  iii5)ortemt  consid¬ 
eration  is  the  possibility  of  environmentally  induced  sustained  stress  growth 
during  proof  testing  or  during  actual  motor  firing.  Also,  if  there  are 
high  residual  tensile  stresses,  there  is  the  possibility  of  flaw  growth  under 
zero  pressure. 

'.Vhile  one  might  expect  that  the  pressxirlzation  times  are  not  sufficiently 
long  to  worry  about  sustained  stress  flaw  growth,  this  cannot  be  assumed. 

For  instari.ee  extremely  large  amounts  of  flaw  growth  have  been  observed  in 
the  type  steels  operating  in  a  damp  environment.  For  this  reason  each 

of  the  623A  materials  and  the  alternate  alloys  were  tested  (both  base  meted, 
and  weldments)  to  define  flaw  growth  characteristics. 
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Our  inhouse  research  on  motor  case  materials  vhich  is  being  extended  on  this 
program  Included  the  investigation  of  some  ik  alloys.  These  efforts  vere 
based  on  the  investigation  of  parent  metal  and  weldment  fracture  toughness, 
subcritlcal  flaw  growth,  euid  fabrication  characteristics.  Yield  strength 
levels  ranged  from  about  l40  KSI  to  28o  KSI.  These  materials  are  summarized 
in  Table  I.  The  typical  base  metal  plane  strain  fracture  toughness  values 
are  shown  in  Figure  2,  and  typlceJ.  weld  metal  fractvire  toughness  data  is 
shown  in  Figure  3-  In  both  Figures  2  and  3>  arrows  depict  those  data  points 
where  specimens  failed  after  net  section  yielding,  and  thus  values  are 
known  to  be  greater  than  indicated.  From  these  Illustrations,  it  is  appar¬ 
ent  that  toughness  reductions  woxild  be  expected  with  increasing  strength 
levels.  In  considering  these  trends,  two  fundamental  questions  are  raised: 

1)  What  materleil  strength  level  is  required  for  large  diameter  solid 
motor  cases? 

2)  How  high  a  toughness  value  is  needed  to  guarantee  a  reliable  motor 
case? 

In  an  attempt  to  obtain  an  answer  to  the  first  question,  in  1963>  a  systems 
study  was  initiated  on  two  large  launch  vehicles  utilizing  260"  first  stage 
motors  and  liquid  upper  stages.  One  vehicle  was  designed  to  place  500^000^ 
of  payload  in  a  300  mile  earth  orbit,  the  other  to  place  l,000,000lf  in  orbit. 
These  studies  have  been  reported  elsewhere  (Reference  l),  and  can  briefly 
be  simimarlzed  as  follows.  First,  by  holding  all  propellant  wei^ts  constant, 
it  was  seen  that  a  decrease  of  first  stage  case  tensile  strength  from  250 
down  to  150  KSI  results  in  a  payload  reduction  of  only  three  to  four  percent. 
Secondly,  three  cases  were  designed  utilizing  15O,  200,  and  250  KSI  strength 
materials  (HPI50,  LEuilsh  d6  at  200  KSI,  and  18  Ni  250).  Cost  estimates  were 
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developed  by  Boeing  and  by  three  canpanles  experienced  In  constructing  large 
structures.  The  resvilts  of  these  estimates  were  then  used  in  constructing  a 
curve  of  case  strength  versus  relative  cost  per  pound  of  payload  in  orbit. 

The  overall  result  was  that  total  vehicle  econcmlcs  was  completely  insensi¬ 
tive  to  first  stage  ease  strength  level.  Recognizing  that  any  contingencies 
such  as  8U1  expected  higher  proof  test  failure  rate  in  the  higher  strength 
materials,  it  became  apparent  that  actual  vehicle  cost  savings  might  accrue 
from  use  of  the  lower  strength  materials. 

Based  upon  this  study,  no  apparent  sidvantage  could  be  seen  in  using  the  very 
hi^  strength  materials  in  260-lnch  diameter  cases.  With  regard  to  the  I56- 
Inch  diameter  cases,  the  question  as  to  required  strength  is  still  unanswered 
Intviltively,  it  is  felt  that  vehicle  performance  may  be  slightly  more  sensi¬ 
tive  to  case  strength  level,  but  to  our  knowledge  there  is  no  such  data 
available . 

The  answer  to  the  second  q\iestion  (i.e.,  what  values  are  required  to 
ensure  reliability?)  is  not  a  simple  one,  however,  the  following  illustrates 
what  is  felt  to  be  a  practical  approach. 

It  is  clear  that  from  an  economics  standpoint  we  cannot  afford  many  proof 
test  failures,  and  from  the  standpoint  of  both  economics  and  personnel 
safety,  the  prevention  of  service  failures  is  mandatory.  Obviously,  if  an 
accurate  job  of  defining  allowable  flaw  sizes  is  done,  materials  and 
fabrication  processes  are  selected  which  result  in  a  low  probability  of 
flaw  occurrence,  and  if  non-destructive  inspection  procedures  are  developed 
which  guarantees  detection  of  all  flaws  larger  than  allowable,  neither  proof 
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test  nor  service  fallvires  shoviLd  be  encountered.  Iftifortunately,  this  goal 
has  not  yet  been  attained,  and  other  tools  must  be  investigated  to  help 
guard  against  failure. 

The  potential  value  of  the  proof  test  in  assuring  subsequent  service  life 

was  discussed  in  the  5th  report  of  the  ASTM  Conmittee  on  Fractvire  Testing 

(reference  2).  This  is  illustrated  in  Figure  k.  As  seen  in  this  figure, 

maximum  Initial  to  critical  flaw  size  ratio,  (a/Q)^/(a/Q)  is  equal  to 

1  cr 

,  2 

1/a  ,  where  a  is  the  proof  test  factor.  Similarly,  the  maximum  initial-to- 
crltical  stress  Intensity  ratio,  equsLL  to  l/a .  Both  are  inde¬ 

pendent  of  the  actual  proof  stresses,  and  the  actual  material  toughness 
values.  This  is  significant  since  the  actual  proof  stresses  may  be  differ¬ 
ent  because  of  design  or  manufactured  discontinuities,  and  because  the 
toughi^iess  values  will  likely  vaiy  between  base  metal,  weldments,  and 
forgings . 

Also,  a.s  noted  in  the  Figure,  the  minimum  flaw  growth  potential  In  the  tank 
(a2j^,/Q^^-a^/Q^)  is  equal  to  (l  -  l/a^).  The  task  then  lies  in  evaluating 
the  flaw  growth  characteristics  of  the  case  materials,  to  ensure  that  flaw 
gro\/th  during  service  is  Indeed  less  than  the  growth  potential  noted  above. 
As  vdll  be  seen  in  the  body  of  the  report  this  does  not  appear  to  be  a 
critical  problem  for  the  materials  under  study,  and  for  the  expected  service 
requirements  of  large  cases. 

The  fineuL  question  remains,  then,  of  how  to  prevent  proof  test  failures.  An 
obvious  approach  would  be  to  utilize  a  material  with  sufficient  toughness 
such  that  any  subcrltical  flaw  would  have  to  grow  throu^  the  thickness 
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prior  to  reaching  crltlced  size.  Such  a  case  vould  then  leak  rather  than 
fall  catastrophically  and  It  could  be  subseqtiently  repaired. 

Such  a  criterion  could  be  met  In  a  case  If  the  critical  flaw  size  at  proof 
pressure  for  the  worst  shape  flaw  (l.e.,  a  long  elliptical  stirface  flaw) 

Is  greater  than  the  case  thickness.  Such  a  criterion  could  obviously  not 
be  met  If  under  the  sane  pressure  the  most  favorably  shaped  flaw  (l.e.,  an 
Internal  penny  shaped  crack)  attained  crltleaLl  size  prior  to  exceeding  a 
diameter  greater  than  the  case  thickness.  Using  this  approach.  Figures 
5  and  6  have  been  construeted.  In  Figure  a  hypothetical  260-lnch 
case  Is  lllTistrated,  with  design  pressures  and  factors  as  noted.  The  rela¬ 
tion  of  weld  tou^^mess  versus  yield  strength  shown  earlier  In  Figure  3  Is 
repeated.  S\qperlBq>08ed  on  this  band,  are  two  cut-off  lines  depicting  the 
two  extremes  Just  mentioned.  It  Is  seen  that  throu£^  the  use  of  materials 
with  yield  strengths  greater  than  about  200  KSI  failure  prior  to  leakage  Is 
a  certainty  for  even  the  most  favorable  flaw  shape.  Throu^  the  use  of 
materials  with  yield  strengths  of  about  150  KSI  and  under,  critical  long 
surface  flaws  are  greater  than  thickness,  and  a  leak  before  failure  condi¬ 
tion  prevails.  Between  these  two  extremes,  failure  mode  Is  dependent  upon 
actual  flaw  shapes  and  locations.  Figure  6  Illustrates  the  same  approach 
for  a  156-lnch  case  with  the  same  design  factors.  Here  It  Is  seen  that 
because  of  thinner  cylindrical  shell  requirements,  higher  allowable  design 
strengths  are  acceptable. 

This  background  discussion  has  attempted  to  convey  the  following  major 
points. 
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1) 


Pre-existing  flaws  are  the  primary  cause  of  unreliable  motor  case 
behavior. 

2)  Allowable  flaw  size  detemination  requires  an  accurate  knowledge  of 

values,  subcritical  flaw  growth,  and  total  motor  case  stresses. 

3)  Prom  the  primaiy  standpoint  of  reliability  (eLLthough  vehicle  economics 

are  not  ignored)  it  is  desirable  to  have  weldment  K  values  in  excess 

IC 

of  about  l6o  or  I70  KSI  V®  for  156-inch  motor  cases,  and  in  excess 
of  about  200  KSI  V®  for  the  260-inch  cases. 

The  program  described  in  the  following  paragraphs  has  been  planned  around 
these  three  major  points. 


IV.  DISCUS8ICM 


The  following  sections  describe  the  work  sccanpllshed  to  date  In  the  three 
major  areas  of  Investigation  (l.e.,  623^  Class  materials^  alternate 
materials^  and  non- destructive  testing).  Early  program  results  are  sum¬ 
marized  where  necessary  for  understanding  of  the  detailed  presentation  of 
the  results  of  the  last  quarter. 

A.  623A  Class  Materials 

The  specific  goal  of  this  portion  of  the  program  Is  the  establishment  of 
flaw  acceptance  criteria  and  allowable  weldment  design  deviations  (l.e., 
mismatch  and  sink- In)  for  the  large  diameter  maraglng  steel  motor  cases  of 
the  623A  type.  This  necessarily  requires  an  evaluation  and  understanding 
of  static  fracture  and  subcrltlcal  flaw  growth  characteristics  of  the 
appropriate  material  -  process  combinations  and  analyses  of  totsil  stresses 
In  typical  weldments  In  the  three  623A  cases. 

1.  Testing  Apiuroach 

In  order  to  establish  realistic  baseline  toughness  values  and  flaw  growth 
characteristics  of  existing  large  case  materials,  all  weldment  tests  are 
being  performed  on  panels  fabricated  by  the  three  623A  motor-case  contractors. 
In  each  case,  material  thicknesses  were  selected  to  duplicate  full  scale 
head  and  shell  requirements.  Limited  tests  were  performed  on  base  metal, 
with  primary  emi^sls  on  weldments  (centerline  and  heat  affected  zones, 

HAZ).  Base  metal  was  purchased  specifically  for  use  on  this  program,  weld 
wire  (and  flux  ^ere  applicable)  was  supplied  by  the  case  contractor.  Weld- 
ment-graln  direction  orientations  were  selected  to  represent  what  was  felt 
to  be  the  most  critical  conblnatlon.  That  Is,  welds  In  gages  representing 
cylindrical  saells  were  placed  perpendicular  to  the  primary  plate  rolling 
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direction^  thus  duplicating  the  longitudinal  ahell  veld.  For  the  thinner 
gages  representing  head  thickness,  weldments  were  placed  parallel  to  the 
primary  plate  rolling  direction.  All  specimens  were  pulled  transverse  to 
the  weld.  Fatigue  cracked  surface  flaw  specimens  were  used  for  toughness 
and  flaw  growth  studies  for  most  weldments.  One  exception  was  the  use  of 
cracked  round  notch  bars  on  .73  Inch  thick  l8  N1  (2^0)  veld  panels. 

Static  specimens  were  tested  In  air  at  room  temperature  by  lohdlng  at  a 
rate  required  to  produce  a  ccxaplete  failure  within  one  to  three  minutes. 
Sustained  load  tests  were  performed  by  locuilng  to  approximately  8^^  of  the 
critical  stress  Intensity  (Kj^,  as  determined  from  the  prior  static  tests) 
and  holding  at  this  level  until  failure  or  for  24  hours.  If  failure  did 
not  occur  at  this  time,  the  stress  Intensity  level  was  Increased  five  per¬ 
cent.  With  no  failure  for  an  additional  24  hours,  the  load  was  Increased 
directly  to  failure.  As  described  later,  these  tests  were  performed  In 
either  air,  or  under  a  3~^/^  salt  solution  spray  environment. 

Flaws  In  the  HAZ  specimens  were  placed  so  as  to  Intersect  the  coarse 
grained  zone  Immediately  adjacent  to  the  fusion  line.  Flaw  shape  on  these 
specimens  was  seml-clrcular  where  possible,  so  that  stress  intensity  siround 
the  crack  periphery  was  essentially  constant.  Such  flaw  placement  was 
suggested  from  a  series  of  smooth  tensile  specimen  fatigue  tests.  Here, 
specimens  were  cycled  at  a  naximum  tensile  stress  of  80^  of  yield  until 
failure  or  until  a  crack  was  observed.  Three  out  of  four  l8  Ni  (250)  speci¬ 
mens  (GTA  and  submerged  are  weldments)  developed  cracks  in  the  noted  coarse 
grained  location,  and  one  in  the  weld  centerline.  Both  18  Ni  (200)  speci¬ 
mens  failed  in  base  metal,  distant  from  any  weld  affected  structure. 
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2.  l8  N1  (200)  Test  Resxilts 

Conqposltions  of  base  metal  and  filler  vires  used  in  this  series  of  tests 
are  as  shown  below: 

FORM  !F0  HEAT  C  P  S  81  Hi  Cr  Mo  A1  Ti  Co 

Base  Repub  3951104  .014  .05  .004  .00?  .02  lB.20  .10  4.32  .11  .25  7-75 

Wire  Spcl  Mtls  6-3343  .  010  .  01  .005  .  004  .  004  18.02  -  3.62  .079  .  27  7*74 

Base  metal  tests  as  reported  in  earlier  reports  indicated  longitudinal  and 
transverse  values  from  surface  flav  specimens  (with  flaw  normal  to  plate 
surface)  of  approximately  I56  euad  I38  KSI  VS  respectively  at  a  yield 
strength  averaging  23O  KSI.  Single  edge  notch  specimens  (with  crack  moving 
parallel  to  plate  surface)  gave  average  Kjq  values  of  115  and  IO3  KSI 
for  longitudinal  and  trsnsverse  directions  respectively.*  Both  sets  of 
specimens  had  been  aged  at  900”?  for  4  hours. 

Toughness  values  from  panels  welded  (and  aged  900”F  8  hours)  by  Sun  Ship¬ 
building  and  Drydock  Coinpany  shown  in  earlier  reports  are  reproduced  in 
Table  II  €uid  III.  Briefly,  these  data  show  HAZ  and  .62  thick  veld  center- 
line  toughness  values  from  five  to  ten  percent  lower  than  base  metal.  An 
additional  small  reduction  in  znanual  repair  veld  toughness  is  suggested, 
emd  a  more  slgnlflceuit  reduction  is  seen  in  the  .40  veld  centerline  values 
of  113  and  119  KSI  VHf. 

Sustained  load  surf8u:e  flaw  tests  were  then  run,  utilizing  the  data 
generated  in  the  static  tests.  Ilhe  data  developed  during  this  series  of 

♦Distinct  discontinuity  in  load  deflection  curves  were  not  usually  observed 
in  this  series  of  tests. 
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tests  are  shown  in  Figure  7  .  It  is  noted  that  in  eleven  out  of  twelve 
test  runs  in  aoibient  air  average  hu]iL.lity)  failxire  did  not  occur 
during  the  24  hour  hold,  even  with  initial  ai>plled  Kj  levels  fron  90  to  9^ 
percent  of  critical.  This  behavior  is  as  good  as  that  seen  on  most  base 
metal  alloys  tested  in  air.  The  only  exception  was  a  .40  inch  thlch  HAZ 
specimen  (note,  transverse  grain)  which  failed  within  the  band  of  data 
from  specimens  tested  in  salt  spray.  Such  band  suggests  a  sustained  load 
stress  Intensity  threshold  level  of  approximately  73  percent  of  critical. 

The  slgnlficaace  of  the  above  noted  data  will  be  discussed  in  later  peu-a- 
graphs. 


3<  18  Hi  (230)  Test  Results  (Submerged  arc  welds) 

Conqposltlons  of  base  metal  and  filler  wires  used  in  this  series  of  tests 
is  as  shown  below. 

FORM  MFC  HEAT  C  P  S  Si  Hi  Co  Mo  A1  Ti 

Base  Repub.  3321290  .017  .10  .005  .005  .07  17.93  7-80  4.98  .10  .46 

Wire*  ARMETTCO  O939I  .02  .08  .002  .007  .02  17.95  7*88  4.82  .08  .65 

Wire»*  ARMETTCO  O9395  .01  .08  .002  .005  .02  18.28  7.88  4.59  -08  .49 

Base  meted,  (.48  euid  .75  inch  plate)  fracture  tests  as  reported  in  eeurlier 

reports  indicated  a  longitudinal  Kjc  of  II6  KSI  VST  and  long  transverse 
of  86  KSI  Vn  from  surface  flaw  specimens  (with  flaw  normal  to  plate  sur¬ 
face)  euid  values  in  the  80's  and  90's  in  both  principcLL  directions  from 
single  edge  notch  and  round  notch  specimens.  This  materled  has  been  aged 
at  835 “F  for  four  hours  and  exhibited  yield  strengths  of  260  KSI  tremsverse 

*  Su)3-arc  Welds 
*«Manual  GTA  Repairs 


(.^  Inch  plate)  and  230  KSI  longitudinal  (.7^  inch  plate). 


Panel  velds  from  Newport  News  Shipbuilding  and  Drydock  Conpeuiy  displayed 
yield  strengths  of  I98  and  184  KSI  for  the  .48  and  .73  inch  panels  respec¬ 
tively.  Though  some  fracture  specimens  were  tested  at  this  strength  level, 
most  were  aged  two- and- one-half  hours  (in  addition  to  the  Newport  four-hour 
age)  at  83^^  to  Increase  the  strengths  to  what  was  felt  to  be  more  repre¬ 
sentative  of  the  All  scale  structure.  Though  the  resulting  strengths 
(225  and  213  KSI  respectively)  and  microstructure  more  closely  represent 
the  case,  such  history  must  raise  the  question  of  applicability  of  the 
generated  specimen  data.  Valid  static  to\ighness  veULues  that  were  obtained 
on  the  panel  welds  after  re-aging  were  in  the  order  of  55  to  58  KSI  VTH 
in  the  .48  inch  plate.  The  .75  inch  panel  was  first  tested  using  round 
notch  bars,  which  resulted  in  calculated  values  of  aroimd  40  KSIVOT. 

In  attempting  to  determine  if  variations  in  toughness  existed  between  the 
first  and  second  sub-arc  pass,  two  specimens  were  prepared  from  a  .75  i“ch 
panel.  One  with  a  surface  flaw  extending  into  the  first  pass  side,  and  one 
in  the  opposite  side.  The  resultant  values*^  were  79*3  and  8I.8  KSI  VnT. 
This  cOTipares  favorably  with  values  of  89. 0  and  77*5  KSI  Vni  taken  earlier 
in  .48  inch  "second  pass"  surface  flaw  tests  in  as  received  materlskl.  Weld 
test  data  is  summarized  in  Table  IV  and  V. 

Because  of  the  above  noted  findings,  sustained  load  tests  were  performed 
only  on  the  .48  inch  panels  from  which  surface  flaw  specimens  had  already 
been  machined.  The  results  of  these  tests  are  shown  in  Figure  8.  For 
ccaiparative  purposes,  the  data  is  superl]iq>oeed  on  the  I8  Ni  (200)  veld 

♦These  specimens  were  "as  received"  (i.e.,  not  re-aged) 
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data  presented  in  Figure  7.  Little  difference  is  seen  in  the  tvo  sets  of 
specimens.  That  Is,  the  flavs  appear  to  be  extremely  stable  In  anibient  air 
environment  and  stress  intensity  threshold  level  for  Initiatfen  of  subcriti- 
cal  growth  is  about  75  percent  of  critical.  In  a  sedt  spray  environment. 

<4.  18  N1  (2^)  Test  Results  (OT/l  Welds) 

Conqpositlon  of  base  metal  and  filler  wire  used  In  this  series  of  tests  are 
as  shown  below: 

FORM  MFO  mT  CMP  S  SI  HI  Co  Mo  A1  Ti 

B 

Base  OSS  X5369O  .02  .06  .004  .011  .02  I8.O6  8.10  4.82  .13  .38 

Wire  ARMETCO  O885O  .01  .03  .002  .005  -03  I8.IO  8.00  4.52  .10  .46 

Tensile  and  fracture  data  of  base  metal  (.39  plate)  aged  90O”  for  three 
hours  is  shown  below: 


*^IC 

Sxurface  Flaw 

KSI 

Ftu 

KSI 

J’ty 

KSI 

Single  Edge  lotch 

Longitudinal 

- 

88.8 

84.5 

Trcmsverse 

246 

237 

82.9 

75.9 

Toughness  values  from  panels  welded  (and  aged  900*F  3  hours)  by  Sxcelco 
Developments  are  shown  In  Table  VI  and  VII.  As  with  the  I8  R1  (250)  sub¬ 
merged  arc  veld  tests,  weld  centerline  Kjq  values  appear  to  be  significantly 
lower  than  that  of  base  metal.  Likewise  BAZ  test  results,  again  from  sur¬ 
face  flaw  specimens,  show  calculated  values  consistently  higher  than  that 
of  base  metal.  Such  values  are  obviously  affected  by  layered  structure 
and  should  be  treated  with  caution.  As  shown  In  Table  VII,  a  significant 
difference  in  weld  centerline  Kic  values  were  observed  between  groups  of 
specimens  taken  from  tvo  panels  which  were  supposedly  processed  in  a 
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similar  maimer.  Significant  differences  in  ductility  were  also  observed 
Bk  versus  38^  Bk),  while  tensile  strengths  ccsipared  favorably. 

Sustained  load  data  developed  from  the  Excelco  veld  panels  are  illustrated 
in  Figure  9.  As  before,  the  data  is  superimposed  on  the  I8  Hi  (200)  scatter* 
band.  Frcan  this  figure  it  can  be  seen  that  in  ambient  air  environment  the 
flaws  are  extremely  stable,  but  significant  growth  is  experienced  in  salt 
spray.  Growth  rates  are  slightly  higher  than  in  the  lower  strength  materials 
discussed  earlier;  however,  a  threshold  level  of  75  percent  of  Kjq  appears 
to  be  a  safe  estimate.  The  significance  of  this  data  is  discussed  in 
Paragraph  IV. A. 6. 

3.  Design  Deviation  Analyses 

The  planned  design  deviation  analyses  has  now  been  conpleted  and  is  in¬ 
cluded  as  Appendix  A.  These  analyses  deal  primarily  with  longitudinal  and 
girth  veld  mismatch  and  sink- in.  The  ultimate  objective  of  these  studies, 
when  coupled  with  previously  noted  test  phases,  is  to  define  allowable 
weldment  flaw  sizes  in  vetiels  containing  what  le  considered  to  be  typicad 
deviations  frcm  ideal  contour. 

As  might  be  expected,  it  has  been  observed  that  the  most  important  devia¬ 
tion  (in  terms  of  expected  dimensional  control  problems,  as  well  as  in  terms 
of  the  impact  of  the  given  deviation)  are  probably  associated  with  head 
to- y- ring  girth  velds*^.  The  primary  reason  for  this  is  that  applied  moments 
caused  by  a  given  deviation  tend  to  be  linearly  proportional  to  the  dimen¬ 
sional  value  of  the  deviation  (e.g.,  the  sink- in  in  inches),  and  the  resul¬ 
tant  stress  is  inversely  proportional  to  the  square  of  the  thickness. 

*Nozzle-ring  to  head  Junctures  are  not  included  in  this  study. 
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A  brief  discussion  of  the  effects  of  vbst  are  considered  to  be  typical 
deviations  on  critical  flaw  sises  of  existing  cases  is  included  in  Paxa- 
graph  IV.A.7« 


6.  Reaidual  Stress  Measurements 

Resldxial  surface  stresses  were  measured  utilizing  X-ray  diffraction  techni¬ 
ques  (Reference  3)  at  several  areas  of  each  of  thetvo  260  inch  dlaaieter 
cases.  The  measurements  vere  made  after  the  aging  cycle  on  I.D.  and  O.D. 
surfaces^  on  the  weld  centerline,  in  the  heat  affected  zone,  and  in  virgin 
base  metal.  The  surfaces  vere  sufficiently  smooth  so  that  additiaaal  sur¬ 
face  preparation  was  unnecessary. 

Detailed  results  vere  Included  in  earlier  rei>orts  and  are  suiaaarlzed  in 
Figure  10.  The  nu]d>ers  shown  in  tabular  form  are  the  averages  (in  thou¬ 
sands  of  pounds  per  square  inch)  of  several  readings  taken  at  the  loactions 
shown.  Each  data  point  is  believed  to  be  accurate  within  plus  or  minus 
ten  KSI. 

Data  from  flat  panels  welded  and  aged  by  Sun  Ship  and  Newport  levs  are  also 
shown  in  Figure  10.  Diffraction  measurements  vere  made  on  as- received  sur¬ 
faces,  and  on  successively  deeper  surfaces  exposed  by  electropolishing,  in 
three  mil  increments.  Longitudinal  and  transverse  values,  in  veld  center- 
line  and  heat  affected  zones  from  both  panels  are  included  in  the  same  illus¬ 
tration.  It  is  seen  that  readings  taken  on  the  orlgliwl.  surface  are  generally 
comparable  to  those  measured  on  the  actual  cases,  and  though  tension  stresses 
are  occasionally  observed,  the  trend  approaches  zero  stress  at  approximately 
15  to  25  mils  from  the  surface. 
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On  the  basis  of  these  measureaents^  it  has  been  chosen  to  ignore  the  effects 
of  residual  stresses  in  the  casqputation  of  allowable  flow  sixes  in  the  large 
maraged  cases. 


7.  Allowable  Flaw  Size 

The  allowable  flaw  size  in  a  motor  case  is  defined  as  the  critical  flaw 
size  minus  the  subcritical  flaw  growth  anticipated  during  service  life  of 
the  case.  Use  of  the  sustained  load  flaw  growth  data  reported  earlier  can 
be  illustrated  as  in  Figure  11  (a),  (b),  and  (c).  Figure  11  (b)  relates 
critical  flaw  size  versus  total  applied  stress  for  material  of  any  tough¬ 
ness.  If  critical  flaw  size  at  an  operating  stress  of  unity  is  designated 
100  percent,  it  can  be  seen  that  critical  size  at  a  proof  stress  of  1.1 
times  operating,  is  (l/l.l)^  x  100,  or  83  percent  of  critical  at  operating. 
That  is,  euay  case  adiich  successfully  passes  a  1.1  proof  pressure  could  not 
have  contained  a  crack-like  flaw  any  larger  than  83  percent  of  critical  at 
operating  pressure,  or  else  the  case  would  have  failed  before  reaching  the 
proof  pressure.  By  cross  plotting  the  lower  bound  of  the  sustained  load 
tests  shown  earlier*,  it  is  seen  that  it  would  take  an  approximately  60 
minute  operational  load  cycle  before  a  flaw  83  percent  of  critical  would  be 
expected  to  grow  sufficiently  to  cause  failure  at  the  firing  pressure. 

Flaw  growth  during  one  firing  cycle,  therefore,  is  not  felt  to  be  signi¬ 
ficant. 

Recognizing  that  hydrostatic  test  pressurization  rates  in  the  Isurge  cases 
might  be  relatively  slow  and  that  the  case  might  actually  be  held  at  pres¬ 
sure  several  times  for  Instrumentation  read-out,  the  possibility  of 

♦Note  that  the  ordinate  of  Flg\ue  ^  thjru  9  ia  acpiared  to  constrTict  the 
Figure  11  (c)  curve. 
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growth  during  the  proof  test  cycle  should  probably  be  considered.  This  Is 
Illustrated  In  Figure  11  (a).  By  assuming  that  a  flaw  exists  before  testing 
which  Is  Just  barely  \mder  critical  size  at  proof  pressure,  neasuirable  growth 
might  be  expected  at  pressures  above  70  percent  of  proof  (since  the  tower- 
bound  Kji/KjQ  threshold  lies  at  about  JO  percent.)  Therefore,  a  conserva¬ 
tive  estimate  of  allowable  flaw  size  would  be  a  size  equal  to  90  percent 
of  the  critical  size  at  proof  stress. 

With  this  approach,  allowable  flaw  sizes  for  three  623^  cases  are  shown  In 
Table  VIII.  These  represent  the  effects  of  membrane  stresses  only  (i.e., 
they  do  not  accovint  for  designed  or  manufactured  discontinuities),  cmd  are 
based  on  weld  centerline  Kjc  values  shown  earlier.  Stress  levels  Indicated 
are  based  on  proof  pressures  and  miniimim  design  thicknesses  as  indicated. 

Though  detailed  discussion  of  the  effects  of  weld  contour  deviations  Is 
Included  In  Appendix  A,  examples  of  typical  deviation  effects  are  illus¬ 
trated  for  the  three  cases  in  Tables  IX,  X,  and  XI.  Membrane  stress 
allowable  flaw  sizes  are  included  for  comparative  purposes.  Rather  rapid 
decreases  in  sillowable  flaw  sizes  with  only  moderate  deviations  sure  apparent. 
For  Instance,  where  bulkhead  allowable  flaw  size  due  to  membrane  stress  in 
the  l8  N1  (200)  large  case  is  approximately  .14  inches,  this  is  reduced  by 
about  50  percent  in  a  Y-ring  weldment  containing  a  five  percent  (  8  =  .05  x 
.34  =  .017  Inch)  mismatch.  The  probability  of  having  deviations  of  this 
magnitude  Is  extremely  high. 
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B.  Alternate  Materials 

As  illustrated  earlier  in  Figure  1,  the  overall  plan  of  the  alternate 
materials  phase  of  this  program  included  the  screening  of  several  candidate 
materials,  weld  evaluation  of  three  of  the  most  promising  alloys,  and 
detailed  testing  (specimens  and  vessels)  of  a  single  alloy.  Prom  results 
of  the  screening  tests  performed  early  in  the  program  two  quench  and 
temper  steels  (5Ni  and  9Ni)  and  one  maraged  steel  (l2Nl)  were  selected. 

The  screening  test  data  for  these  three  alloys  is  shown  in  Thhles  XII, 

XIII,  and  XIV.  Note  that  in  many  instances  values  are  conservative 
and  are  so  indicated.  During  the'  last  quarter  the  first  part  of  the  weld 
development  program  was  completed  (i.e.,  the  multiple  balance  experiment) 
and  the  9Ni  alloy  was  selected  for  continued  study.  Final  weld  optimiza¬ 
tion,  detailed  tests  of  the  selected  weld  process,  repair  weld  evaluation, 
thick  section  property  tests,  and  the  subscale  case  fabrication  are  now  in 
work.  The  following  paragraphs  discuss  the  approach  and  results  of  the 
weld  development  program. 

1.  Multiple  Balance  Experiment 

At  the  outset  of  this  program,  it  was  decided  that  the  program  objectives 
would  most  assuredly  be  reached  if  a  statistically  designed  experiment 
were  to  be  employed.  The  experimental  procedure  selected  was  the  Multiple 
Balance  Design.  This  test  plan  permits  evaluation  of  an  unlimited  number 
of  test  variables  without  undue  complexity  or  cost.  Table  XV  lists  the 
variables  evaluated. 

Base  Alloy:  Three  steels  (two  quench  and  temper  and  one  managing 

steel)  were  selected  based  upon  early  screening  tests  as  being  most 
promising  as  alternate  materials.  Tkbles  XVI  and  XVII. 

Filler  Alloy:  Three  filler  alloys  were  selected  for  each  base  alloy, 

one  being  the  composition  shown  best  by  preliminary  studies  and  two 
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modifications  to  improve  toughness,  strength  or  weldability. 
Compositions  C,  D  and  H  in  Table  XVI  are  similar  to  compositions 
shown  good  by  previous  studies.  Compositions  B  and  I  approach  base 
metal  composition  of  the  5Ni  and  12N1  steels.  Alloy  A  is  a  low 
strength  modification  of  C.  Alloy  E  is  a  modification  of  D  with 
increased  Mn  and  Si  to  improve  GMA  weldability.  Alloy  F  is  a  high 
Co  Modification  of  the  base  metal  to  promote  self  tempering  by 
raising  the  Ms  temperature.  Alloy  G  offers  a  strength  level  inter¬ 
mediate  between  H  and  I  and  increased  Mo  and  /decreased  Cr  should 
provide  better  toughness. 

Filler  alloy  size:  Two  wire  sizes  .0^5  and  .062  inch  diameter  were 

employed  primarily  to  affect  current  densities  in  GMA  process. 

Pre-Weld  Heat  Treatment:  The  12Ni  managing  steel  was  welded  only 

in  the  solution  annealed  condition;  the  two  quench  and  temper  steels 
were  tempered  at  one  of  three  levels  between  85O  and  1075°F. 

Figirres  12  and  13  show  the  heat  treat  response  of  the  three  steels. 

Post-Weld  Heat  Treatment:  The  12Ni  steel  was  given  one  of  three 

post  weld  age  treatments,  k,  8,  or  12  hours  at  900°F.  The  5N1  and 
9Wi  steels  were  given  one  of  four  post  weld  treatments:  none,  temper 
weld  pass,  2-hour  temper  at  600°F,  or  a  re-temper  in  accord  with  the 
pre-weld  heat  treatment.  Figure  l4  shows  a  hardness  traverse  across 
a  9Ni-4Co  weldment  after  each  heat  treatment. 

Pre  Heat  and  Interpass  Temperature:  Two  temperatures  I50  and  300 °F 

were  employed. 

Post  Heat  Hold:  The  interpass  temperature  was  held  for  0  or  30-  min. 

after  completion  of  the  final  pass  and  then  the  part  allowed  to 
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naturally  air  cool. 


Weldor:  Two  weldors  were  used  one  for  each  shift. 

Engineer:  Two  engineers  directed  the  operation  one  for  each  shift. 

Shift:  The  welding  was  done  in  two  shifts  approximately  2/3  on  the 

day  shift  and  1/3  on  the  night  shift. 

Priority  Number:  The  order  in  which  the  panels  were  to  he  welded 

was  detentiined  hy  a  random  draw. 

Weld  Process :  The  hulk  of  the  effort  was  placed  on  one  of  three 

processes,  GTA,  GMA  and  GMA  (HD)  with  a  lesser  effort  on  GMA  (short 
arc)  and  Submerged  arc. 

Weld  Joint:  T  o  joint  configurations  were  used  for  each  process, 

one  wide  and  one  narrow.  Figure  15  illustrates  the  joint  details. 

Weld  Energy;  Four  energy  levels  were  used,  10,  20,  30,  and  ^0  kilo¬ 
joules/inch/pass. 

Weld  Speed;  Two  relative  speeds  were  used  for  each  heat  setting, 
a  relatively  fast  and  a  slow. 

Shielding  gas:  Five  gases  were  employed:  Argon,  Helium,  Helium  + 

Argon  +  COg,  Helium  +  Argon  +  Oxygen  and  Argon  +  COg. 

Gas  Flow  Rates:  Two  flow  rates  were  used,  4-0  and  80  cfh. 

Cup  to  Work  Distance:  Two  separation  distances  between  the  torch 

cup  and  the  work  were  used  in  the  GMA  processes  .7  and  1.0  inch. 

Tip  to  Work  Distance:  Two  electrode  extensions  were  used  in  the  GMA 

processes  .5  and  .7  inch. 
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Filler  Wire  Feed:  Tvo  feed  rates  for  the  atociliary  wire  were  used, 
fast  and  slow. 

Cleanliness:  Two  cleimliness  ratings  were  given,  clean  and  not  clean. 

Trailer  Shield:  A  trailer  shield  with  Argon  gas  was  or  was  not  used. 

Three  Independent  multiple  balance  plans  were  constructed,  one  for  each 
of  the  three  weld  processes  under  consideration.  This  breakdown  was 
selected  to  reduce  the  cooiplexlty  of  each  plan  and  because  each  process  had 
slight  variations  which  could  not  be  matched. 

A  typical  plan  layout  is  Illustrated  in  Table  XVIII.  It  is  subdivided  into 
four  subgroups;  each  subgroiip  contains  no  more  ccoblnations  than  tests  to 
be  performed.  The  first  has  24  combinations,  the  second  16,  etc.  Sample 
numbers  were  selected  at  random  and  assigned  to  a  cell  of  subgroup  1  until 
all  were  filled.  Ihe  same  sample  numbers  were  then  redrawn  using  a  table 
of  random  numbers  and  assigned  to  cells  in  subgroup  11  until  these  were  all 
filled.  Hie  extra  numbers  were  then  assigned  in  such  a  manner  as  to  maintain 
balance.  This  process  of  drawing  numbers  continued  until  all  four  subgroups 
of  each  multiple  balance  plan  were  filled  and  all  sample  numbers  bad  been 
assigned. 

The  welding  proceeded  according  to  the  plan.  Test  panels  were  assigned  a 
priority  number  and  pulled  from  the  stack  according  to  lowest  priority.  Base 
metal  and  filler  wire  delivery  delays  forced  extensive  changes  in  the  originally 
planned  schedule  but  the  random  selection  philosophy  was  maintained. 

An  exanple  of  how  the  multiple  balance  plan  worked  with  pre -determined  settings 
follows:  Sample  #71  was  welded  using  10  kilojoules,  wide  Joint,  fast  speed, 
fast  feed  rate,  4o  cfh  of  A,  no  trailing  shield,  well  cleaned  parts, 
9Ni-4Co-.25C,  .045"  dia.  "d"  filler,  975*F  teii5)er,  150*F  preheat  and  interpass 
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temperature  with  no  hold  time  after  completion  of  the  weld.  Ihe  varlahles 
of  operator  and  obseirver  were  not  preplanned;  the  parts  were  welded  as  they 
came  and  whichever  operator  was  on  duty  at  the  time  welded  It.  The  post* 
weld  heat  treataent  was  selected  at  random  and  for  §71  was  1  (as -welded). 

Prior  to  welding  each  test  part^  a  "head  on  plate"  weld  was  made  to  establish 
the  specific  voltage,  current  and  travel  speed  to  establish  a  stable  weld  and 
yet  have  the  predicted  heat  Input.  A  plus  or  minus  10^  variation  was  allowed 
In  the  heat  Input  to  permit  Improved  weld  stability  but  In  spite  of  this, 
many  of  the  welds  were  far  from  Ideal.  Very  little  could  be  gained  from 
earlier  velds  because  of  the  hxindreds  of  combinations  available.  In  general, 
welding  voltages  were  established  within  a  2-volt  range  by  the  shielding  gas, 
the  amperage  by  the  travel  speed  range  and  electrode  diameter  and  the  welding 
speed  was  the  final  adj\istment  to  attain  the  desired  heat  Input.  Minor 
variations  of  each  were  then  made  to  achieve  stability.  Once  a  setting  was 
established,  It  was  used  In  the  test  panel.  Further  minor  variations  were 
made  In  the  settings  If  determined  necessary.  If  gross  surface  i)oroslty 
were  encountered,  this  was  ground  out  and  rewelded.  Manml  repairs  were 
employed  as  necessary  to  complete  the  weldment.  No  repair  was  used  on  crack- 
llke  defects. 

Upon  completion  of  the  welding,  each  psmel  was  radiographed.  The  films  were 
then  Inspected  for  three  distinct  defect  types,  porosity,  cracks  and  lack 
of  fusion.  Porosity  was  rated  1-5  with  1  and  2  being  good,  3  fair  and  4  and 
5  poor.  Cracks  and  lack  of  fusion  were  both  measured  by  tie  cumulative 
total  length  of  weld  containing  the  defect.  This  was  reported  as  rsuiglng 
from  0  to  9  Inches.  Visual  observations  were  made  and  recorded  on  the  log 
sheets  as  the  welds  were  made  but  the  lengths  of  cracks  noted  were  not 
recorded.  Additional  crack-like  defects  have  been  noted  on  the  fracture 
surfaces  but  these  have  not  been  correlated. 
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Following  radiographic  inspection  those  samples  considered  to  he  of  testable 
quality  were  given  the  post  weld  heat  treatment  and  then  machined  and 
tested. 

Each  of  the  four  evaluation  criteria,  fracture  toughness,  cracking,  lack 
of  fusion  and  porosity,  were  subjected  to  analysis  by  use  of  scatter  plots. 

Scatter  plots  have  been  made  for  each  process -criterion  combination  for  a 
total  of  12.  These  have  been  condensed  into  4  composite  plots  in  Figures  l6 
through  19,  which  show  the  scatter  as  affected  by  the  major  variables. 

Porosity 

Figure  16  shows  the  scatter  plots  based  upon  porosity;  from  this  diagram  it 
can  be  seen  that  the  entire  sample  had  a  39^  22,  16,  13,  15  distribution. 

How  each  of  20  factors  affected  this  distribution  is  shown.  The  mean  is 
Indicative  of  relative  effects.  This  chart  shows  that  the  most  important 
factors  affecting  porosity  are  the  base  alloy  and  welding  process.  Other 
factors  having  significant  influence  are  welding  speed,  heat  input,  filler 
size  and  the  shielding  gas.  In  the  GMA  process  the  higher  heat  welds  had 
more  porosity  \rtiereas  in  the  GTA  process  the  higher  heat  welds  had  less 
porosity.  Ty^e  9  Nl-  4Co  consistently  had  the  highest  porosity  and  the  5  Ni 
consistently  had  the  least  porosity.  The  porosity  level  of  the  GTA  welds 
was  considerably  below  that  of  the  GMA  welds.  The  062"  dla.  electrode 
produced  less  porosity  than  the  04-5"  dla.  by  the  GMA  process  but  the  wire 
size  had  little  or  no  effect  on  the  porosity  of  the  GTA  and  GMA  (HD)  processes. 
Slow  welding  speed  reduced  the  porosity  level.  Ihe  effect  of  the  gas  composi¬ 
tion  appears  somewhat  erratic  and  has  not  been  clearly  evaluated.  All  other 
factors  appear  to  have  a  very  minor  effect  on  the  porosity  level  of  the 
weldments. 
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Lack  of  Fusion 


Figure  17  is  a  scatter  plot  based  upon  lack  of  fusion  Instead  of  porosity 
but  only  process  wd  allpy  are  defined.  The  most  important  factor  is  bue 
alloy  with  the  12  N1  being  the  least  prone  to  lack  of  fusion  and  the  5  N1 
being  most  prone  to  lack  of  fiisloi.  Other  factors  affecting  fusion  Include 
wire  size,  speed  and  Joint.  The  larger  diameter  wire,  slower  speed  and  wider 
joint  favored  the  lesser  degree  of  lack  of  fusion. 

Replicate  samples  did  not  show  a  close  duplication  with  respect  to  lack 
of  fusion  ELS  they  did  with  respect  to  toughness,  porosity  and  cracking. 

Because  of  the  poor  duplication,  less  certainty  can  be  placed  on  conclusions 
regarding  lack  of  fusion  than  on  any  of  the  other  factors. 

Cracking 

Figure  18  is  a  scatter  plot  for  veld  cracking.  The  most  important  factors 
are  alloy  and  process.  The  5  Ni  exhibits  a  much  shorter  average  crack 
length  than  the  9  N1  and  12  Nl.  The  9  N1  exhibits  a  slightly  shorter  average 
craclc  length  than  the  12  Nl.  Other  factors  ed^f acting  the  cracking  are: 
heat,  joint  and  speed.  The  higher  heat,  wider  joint  and  slower  speeds  promote 
less  cracking.  The  GTA  process  appears  to  exhibit  the  best  quality. 

Toughness 

Figure  19  is  an  abbreviated  scatter  plot  for  weld  toughness  shoving  only 
the  more  important  variables.  Differences  which  appear  apparent  between 
processes  Eire  a  result  of  confounding  between  the  processes  and  gases.  De¬ 
tailed  examination  revealed  the  shielding  gases  to  be  the  primary  factors 
and  in  particular  the  O2  and  CO2  are  the  ingredients  reducing  the  tovighness. 

A  detailed  description  as  to  how  the  multiple  balance  data  can  be  EUtalyzed 
Is  contained  in  Reference  4.  A  brief  description  follows : 
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Once  the  scatter  plat  is  drawn,  a  visual  check  shows  which  factor  or  factors 
are  most  important.  The  means  of  each  column  of  the  most  important  factor 
are  determined  aid  the  differences  subtracted  out,  e.g.,  the  meein  toughneas 
of  5  N1  is  l68+,  for  9  N1  125  and  for  12  N1  120.  Consequently,  every  8a]Q>le 
of  5  N1  is  adjusted  hy  adding  -43  and  every  sample  of  12  N1  Is  adjusted  by 
aHiSipg  +^.  After  the  adjustment  is  meule,  the  data  is  again  plotted  and 
again  checked  for  main  effects.  Gas  and  filler  wire  are  then  found  to  be 
In^iortant.  After  these  three  factors  are  corrected,  the  original  scatter 
of  130  KSI  is  reduced  to  65,  allowing  analysis  of  the  other  variables. 

The  analysis  of  the  multiple  bsilance  plans  was  carried  only  so  far  as  to 
insxire  proper  selection  of  an  alloy  to  be  carried  into  the  factorial  optimi¬ 
zation  plan  wherein  only  one  alloy  will  receive  process  optimization.  This 
alloy  selection  has  been  made  although  the  two  alloys  9N1  and  12  N1  are 
nearly  equal  in  all  respects.  A  detailed  comparison  between  alloys  is  con¬ 
tained  in  Figures  20  through  22.  These  bar  charts  serve  to  show  the  similari¬ 
ties  and  differences  of  the  three  alloys  investigated  to  the  exclusion  of 
the  other  factors  and  sunmarize  the  data  previously  presented  by  the  scatter 
plots . 

Figure  20  compares  the  alloy  and  welding  process  in  terms  of  porosity  and 
lack  of  fusion.  The  8ui)eriority  of  the  12  Ni  is  the  result  of  its  Increased 
fluidity  with  respect  to  the  other  two  alloys.  The  5  Nl  hM  the  least  porosity 
because  it  is  the  only  one  of  the  three  alloys  with  sufficient  scavengers 
Mn  and  Si  to  be  effective  in  GMA  welding. 

The  GTA  process  offers  a  much  greater  latitude  of  useful  welding  conditions; 
consequently  better  overall  weld  quality  was  attained.  The  extra  Instability 
added  to  the  GMA  process  by  the  cold  wire  addition  caused  the  GMA  (HD)  process 
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to  have  the  highest  porosity  level  of  the  three  processes.  !nie  reason 
is  partly  due  to  operation  In  non-ideal  ranges. 

Figure  21  compares  the  average  crack  length  for  each  alloy  and  process  by 
X-ray  Inspection.  The  obvious  superiority  of  5  N1  Is  appeurent.  The  low 
average  crack  length  In  the  GTA  process  Is  partly  attributable  to  the  low 
metal  build-up  per  pass.  All  GTA  panels  of  9  N1  and  12  N1  had  cracks  in 
the  root  passes  but  subsequent  passes  were  able  to  either  melt  them  out 
or  close  the  cracks  so  tightly  as  to  be  undetectable  by  X-ray.  The  degree 
of  excess  penetration  was  less  In  the  GMA  processes  so  fewer  cracks  were 
healed.  The  addition  of  a  second  filler  supply  to  the  weld  puddle  In  the 
GMA  (HD)  process  suxtpUes  a  sufficient  amount  of  strength  to  the  hot  weld 
to  cause  a  substantial  reduction  In  cracking. 

The  cracking  frequency  as  determined  by  unaided  visual  Inspection  shows  the 
relative  crack  8;isceptlblllty  of  tne  tnree  alloys  under  normal  welding  condi¬ 
tions  rather  than  by  an  artificial  "bead-on-plate"  test.  The  5  N1  Is  far 
leas  susceptible  to  cracking,  the  12  N1  Is  most  susceptible  to  cracking  and 
the  9  Ni  has  an  Intermediate  susceptibility. 

Figure  22  compares  the  alloys  and  processes  In  terms  of  weld  toughness. 

Very  little  difference  is  noted  between  the  9  Nl  and  12  Nl  but  the  5  Nl  Is 
significantly  toughest.  The  low  toughness  of  the  12  Nl  In  the  OiA  (HD)  process 
Is  due  to  a  confounding  of  process  and  shielding  gas.  No  significant 
difference  In  toughness  was  noted  between  the  GMA  and  GMA  (HD)  processes. 

The  GTA  process  did  produce  tougher  welds  by  a  small  margin  but  most  of 
the  apparent  differences  are  due  to  tlie  effect  of  the  shielding  gases.  Oxygen 
and  (X>2  Qre  detrimental  to  the  weld  toughness. 
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Table  XIX  Illustrates  tbe  veld  toughness  In  a  matrix  of  the  more  important 
variables.  Replicate  results  are  indicated  by  toughness  numbers  connected 
with  a  hyphen.  The  excellent  reproducibility  is  Indicative  that  all  signi¬ 
ficant  variables  have  been  considered.  The  specimen  size  was  too  small  for 
th'  5  N1  to  ensure  elastic  fracture;  therefore,  all  the  numbers  foUoved  by 
a  +  are  conservative.  One  sample  was  a  single  edge  notch  configuration 
vhlch  is  capable  of  measuring  higher  toughnesses  for  a  given  specimen  cross- 
section  than  the  s\irface  notch  configuration.  This  specimen  recorded  a  Kic 
of  303  KSI  Vl5r with  general  yielding  so  the  value  is  conservative. 

The  one  12  Hi  Kjq  value  of  lol  KSi  y/Ts  is  felt  to  be  unconservative  because 
of  a  weld  defect  located  laterally  from  the  fatigue  crack. 

Table  XX  lists  typlcsil  welding  rates  employed  in  the  Multiple  Baleince  Stvidy. 
The  conditions  selected  for  listing  in  this  table  were  selected  at  random; 
no  particular  pattern  was  followed. 

Table  XXI  lists  the  factors  which  were  found  to  be  important  and  the  direction 
in  which  they  affected  the  four  ctlteria:  porosity,  lack  of  fiision,  crack 
susceptibility  and  fracture  toughness. 

2.  MateriaJ.  Selection 

The  weld  data  generated  from  the  623A  materials  tests  and  the  alternate  mater¬ 
ial  tests  have  been  compiled  in  Table  XXII  in  a  manner  which  reflects  the 
philosophies  expressed  earlier  in  the  background  discussion  and,  by  using 
consistent  design  factors,  in  a  manner  allowing  direct  comparisons. 

For  yield  strengths  noted  shell  gages  are  shown  for  26o  and  I56  inch  cases 
operating  at  fixed  design  factors.  Critical  flaw  sizes  at  proof  for  each 
of  the  cases  are  also  calculated  using  the  same  design  factors.  By  comparing 
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the  critical  flaw  size*  with  the  design  thicknesses,  an  estimate  of 
failure  mode  can  be  made.  It  is  seen  that  only  the  5  Ni  alloy  approaches 
a  "leak-before-failure"  mode  in  the  26o  inch  case.  Also,  the  5  Ni,  9  Ni, 
and  12  Ni  alloys  approach  this  condition  in  the  1^6  inch  case. 

It  was  noted  earlier  that  insufficient  systems  data  is  available  to  suggest 
the  use  of  5  Ni  in  the  smaller  cases.  Since  present  Air  Force  Interest  lies 
primarily  in  the  smaller  boosters  5  Ni  has  been  dropped  from  further  study 
in  this  program. 

from  a  case  performance  standpoint  (l.e.,  strength  and  toughness)  both 
the  9  Ni  and  12  Ni  alloys  appear  worthy  of  additional  investigation  program 
funds  require  elimination  of  one  of  them.  The  overall  difference  in  behavioral 
characteristics  that  were  observed  in  this  program  were  minor.  At  this  time 
it  is  not  possible  to  make  an  Irrevocable  choice.  Final  choice  of  the  9  Ni 
alloy  was  based  on  the  observation  that  the  alloy  was  slightly  less  susceptible 
to  weld  cracking. 


Note  that  flaw  sizes  are  noted  In  terms  of  (a/Q),  and  by  assuming  unfavorable 

flaw  shape  (q  =  l),  surface  flaw  depth  in  inches  in  equal  to  (a/Q). 
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V, 


CONCLUSIONS 


1.  From  the  test  results  of  panels  produced  hy  623A  contractors, 
minimum  Kjq  values  for  l8  Ni  (200)  OTA,  l8  Ni  (250)  -  Submerged 
Arc,  and  18  Ni  (250)  GTA  weldments  are  believed  to  be  llC ,  55» 
and  6o  KSI  Vin,  respectively.  When  considering  primary  design 
stresses  only,  these  values  yield  allowable  flaw  sizes,  (a/Q)i, 
in  the  order  of  .14,  .02,  and  .05  respectively. 

2.  Analyses  of  the  effects  of  weldment  mismatch  in  bulkheads  indicate 
that  allowable  flaw  sizes  can  be  reduced  by  as  much  as  fifty  percent 
as  a  result  of  drawing  tolerance  deviations. 

3.  Residual  stresses  and  subcrltlcal  flaw  growth  do  not  appear  to 
be  significant  ixroblems  for  the  expected  service  requirements  of 
the  existing  623A  case  materials  Md  processes. 

4.  The  5  Ni  quench  and  temper  steel  shows  extremely  attractive  pro¬ 
perties  and  processing  diaracteristlcs  for  260  inch  case  application. 
Its  usefulness  on  smaller  first  stage  cases  has  not  been  assessed 
from  a  vehicle  economics  standpoint. 

5.  Both  the  9  Ni  and  12  Ni  alloys  show  promise  for  use  on  the  156-lnch 


cases. 
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TABI£  XV 


LIST  OF  PROCESS  VARIABLE  CONTROLLED  IN  MULTIPI£  BALANCE  EXFERIHENT 


1. 

Base  Alloy 

12. 

Weld  Process 

2. 

Filler  Alloy 

13. 

Joint  Configuration 

3. 

Filler  Alloy  Size 

14. 

Energy 

k. 

Pre-Weld  Heat  Treatment 

15. 

Speed 

5. 

Post-Weld  Heat  Treatment 

16. 

Shielding  Gas 

6. 

Pre-Heat  and  Interpass  Ten^rature 

17. 

Gas  Flow  Rate 

7. 

Post  Heat  Hold 

18. 

Cap-Work  Distance 

8. 

Weldor 

19. 

Tip-Work  Distance 

9- 

Engineer 

20. 

Filler  Feed  Rate 

10. 

Shift 

21. 

Cleanliness 

11. 

Priority 

22. 

Trailer  Shield 
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TABLE  XVII 


PROCESSING  HISTORY  OF  ALTERNATE  MATERIALS 


5Ni-Gr-Mo-V 

Supplier:  United  States  Steel  Corporation 

Melting  Practice:  Air  Melt  -  Electric  furnace  -  Lime  Alumina  Slag 
Heat  No.:  X-53957  Size:  80  ton 

Ingot  Size :  32"  x  60"  Hot  Rolled  2000“  finish  at  1900'’F 

Rolling  Ratio  1. 8/1.0  (L.T.) 

Austenitized  I5OO®  1)4  hrs.  Water  Quenched 
Tempered  1)4  hrs.  at  875-1075“  Air  Cooled 

9Ni-4Co-.25C 

Supplier:  Republic  Steel  Corporation 

Melting  Practice:  Vacuum  Arc  Remelt-Carbon  De-Ox. 

Air  Melt  Heat  No.:  3311846  Size:  90  ton 
VAR.  Heat  No.:  3930960  Size:  5  ton 

Ingot  Size:  24"  Dia.  Press  Forged  from  24"  RD  to  I8"  x  4" 

Hot  Rolled  1750“  finish  at  1500“F 
Annealed  1125*  3  hrs.  Air  Cooled 
Austenitized  1550*  1  hr.  Oil  Quenched 
Tempered  2  hrs.  +  2  hrs.  at  900-1050“  Air  Cooled 

12Ni-5Cr-3Mo 

Supplier:  United  States  Steel  Corporation 

Melting  Practice:  Air  Melt  Electric  Furnace  -  Lime  Alumina  Slag 

Heat  No.:  X-IOO58  Size:  20  ton 

Ingot  size  29"  x  5^"  Hot  Rolled  2000“  finish  l800“F 

Rolling  Ratio  2. 4/1.0  (L.T.) 

Annealed  1500“  1  hr.  Water  Quenched 
Aged  4-12  hrs.  at  900“ 
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TABl£  XE 

EFFECTS  OF  PROCESS,  GAS,  ALLOY  AND  FILLER  ON  WELD  TOUGHNESS 
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Sub  Arc 


TABLE  XXI 


SUJilARY  OF  MULTIPLE  BALANCE  EXPERIMENT 
EFFECT  ON: 
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CRACKING 
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1. 
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Strong 
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Wire  size 
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APPENDIX  A 


TO 

FIBST  YKAR  SUMMARY  PROGRESS  REPORT 
VOLUME  I 
Jxine,  1965 


CONTRACT 
AP  33(615) -1623 


ANALYSIS  OF  SECONDARY  STRESSES 
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TABIE  OF  CONTEaiTS 


Page 

1.  INTRODUCTION  1 

1.1  Significance  of  Problem  1 

1.2  Object  and  Scope  1 

2.  THE  PliAW  SIZE  CORRECTION  FACTOR  2 

3.  ANGULAR  MISMATCH  3 

3.1  Assim^tions  3 

3.2  Cylindrical  Casings  3 

3.2.1  Girth  Welds  3 

3.2.2  Longitudinal  Welds  6 

3.3  Spherical  Heads  8 

3.3.1  Girth  Welds  8 

3.3.2  Gore  Welds  9 

4.  RADIAL  MISMATCH  10 

4.1  Assumptions  10 

4.2  Cylindrical  Casings  10 

4.2.1  Girth  Welds  10 

4.2.2  Longitudinal  Welds  15 

4.3  Spherical  Heads  I6 
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5.  ANALYSIS  OF  GECWETRIC  DISCONTINUITIES  I8 

ADJACENT  TO  Y-RING 


NOTATION 


P 

t 

R 

Me 

N* 

Wjli 

Ak^ 

Ak» 

^p,  ^h,<Sm 


Internal  Pressvire 
Wall  Thickness 
Radius  of  Vessel 
Circumferential  Bending  Moment 
Meridional  Bending  Moment 
Circumferential  Pbrce 
Meridional  Force 

Meridional  Flaw  Size  Correction  Factor 

Circumferential  Flaw  Size  Correction  Factor 

Influence  Coefficients  for  Rotation  Due  to 
Subscripted  Force 

Influence  Coefficients  for  Radial  Deflection 
Due  to  Subscripted  Force 


AHALTSIS  OP  SBCOMBART  STRESSES 


1.  INTRODUCTION 

1.1  Significance  of  Problan 

The  veldlng  of  large  motor  casings  can  Introduce  both  geonetrlc  discon¬ 
tinuities  and  embedded  flaws  Into  the  casing  wadi.  Secondary  stresses 
which  result  froa  the  gecmetrlc  discontinuities  etffect  the  fracture 
resistance  of  the  easing  at  the  location  of  the  embedded  flaws.  Hence, 
a  knowledge  of  secondary  stresses  that  can  be  developed  by  geonetrlc 
discontinuities  Is  a  necessary  prerequisite  to  the  prediction  of  the 
performance  capabilities  of  a  given  motor  cBse. 

1.2  Object  and  Scope 

This  study  has  two  objectives.  The  first  Is  to  determine  the  secondary 
stress  fields  which  can  be  developed  near  geonetrlc  discontinuities  in 
large  rocket  motor  casings.  The  second  Is  to  establish  the  effect  of 
the  secondary  stresses  on  allowable  flaw  size. 

The  study  will  be  limited  to  the  consideration  of  discontinuities  which 
can  be  caused  by  the  welding  of  large  casings.  Geometric  discontinuities 
comnouly  due  to  weldlxrg  are 

1)  angular  mlaaatch  (Figure  la), 

2)  radial  mloBatch  (Figure  lb). 

Individual  analyses  are  made  of  each  of  the  abovementloned  dlscontlniiltles 
at  longitudineLl  and  girth  welds  In  both  the  heads  and  bodies  of  rocket 
motor  casings. 

A  geometric  dlscontinxrlty  inherent  to  the  design  of  the  vessel  Is  the 
head  to  shell  Juncture  which  Is  effected  by  means  of  a  Y-rlng.  Analyses 
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vere  made  of  the  Y-rlng  Jmctures  for  three  different  motor  eaaea  In 
order  that  the  conblned  effects  of  Y-rlng  discontinuity,  material  de- 
lamlnatlon  and  radial  mismatch  could  he  ccmputed.  A  single  solution 
has  been  cca^leted  for  ecnblned  effect  of  Y-rlng  dlscontlnul'ty  and 
angular  mismatch. 

2.  THE  FLAW  SIZE  CORRECTION  FACTOR 

Results  of  studies  of  geometric  discontinuities  In  large  rocket  motor 
casings  vLU  be  expressed  In  terns  of  a  quantity  called  the  flaw  size 
correction  factor.  Critical  flaw  sizes  are  computed  from  the  expression 


cr 
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where 

a  is  flaw  size, 

Q  Is  a  function  of  the  order  of  1  which  has  a  value 
dependent  upon  the  flaw  shap-  ,  yield  strength  of 
the  material,  and  applied  stress  level. 

Is  plane  strain  fracture  toughness  of  the  material 
contsdnlng  the  flaw, 

a  .p  Is  the  ccBQXJnent  of  the  stress  field  surtlng  i>erpendlc- 
ularly  to  the  plane  of  the  crack, 

Mic  Is  an  approximate  correction  factor  to  account  for  the 
relative  geooietiy  of  flaw  and  structure. 


The  above  expression  can  be  written  as 


ic  ^ 

,a  ^  1  ^IC  1 

'  Q  '  cr.  1.21>r  aI  2  (2) 

n 

Tdiere 

^  _  the  coBtponent  of  the  membrane  stress  solution  acting 

m  perpendicularly  to  the  plane  of  the  crack, 

Ajj  Is  the  flaw  size  correction  factor  . 
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It  Is  nov  apparent  that 


m 


(3) 


and  is  a  scaler  by  vhlch  a  critical  flaw  size  associated  with  a  given 
ccBiponent  of  the  membreme  stress  solution  must  be  divided  in  order  to 
obtain  the  critical  flaw  size  associated  with  the  corresponding  component 
of  the  total  stress  field. 


3.  ANGULAR  MISMATCH 

3.1  Assumptions 

In  the  following  stress  analyses  of  angular  mlanatch,  it  will  be 

assioied  that 

1)  Plane  sections  remain  plane  and  normsil  to  the  inextenslonal 
middle  surface  (Kirchoff  Assunption) 

2)  The  geometry  of  an  angular  mismatch  is  syraaetrlc  with  respect 
to  its  cusp 

3)  The  angular  mismatch  is  sufficiently  far  away  from  other  causes 

of  secondary  stress  so  that  there  is  no  interaction  with  the  other 
causes  (other  mismatches,  Y-rings,  nozzle  euiapter  rings,  etc.). 

3.2  Cylindrical  Casings 

3*2.1  Girth  Welds:  In  the  analysis  of  angular  mismatch  at  girth  welds, 

It  will  be  assumed  that  the  angular  mismatch  is  axisymmetric. 

If  angular  mismatch  is  not  axisymmetric,  it  is  siiggested  that  the 
.sti'esses  at  the  point  of  maximum  sink-in  for  the  non-xailfom 
mismatch  can  be  approximated  by  the  stresses  in  an  axlsymmetrically 
mismatched  cylinder  with  a  sink-in  eqxisJ.  to  the  maxlmm  slnk-in 
of  the  non-unlfom  mismatch. 


P\-3 
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Secondaiy  stresses  vhlcb  result  from  angular  mismatch  depend 
on  the  geometry  of  the  mismatch.  If  the  slnk-ln  curve  shape 
Is  described  as  shown  In  Figure  2a,  three  variables  are  needed 
to  describe  the  mismatch  geometry:  the  length  L,  the  slnk-ln  S 
and  the  curve  shape  T .  It  was  decided  that  a  better  assump¬ 
tion  for  mismatch  geometry  would  be  the  shape  generated  by  an 
Imaginary  concentrated  moment  assumed  to  act  at  the  mismatched 
weld  (Flgxire  2b).  The  concentrated  moment  Is  probably  a  good 
representation  of  the  manner  In  which  an  singular  mismatch  Is 
developed.  The  latter  representation  reduces  the  nunber  of 
variables  needed  to  describe  the  angular  mismatch  to  one,  S  . 
Purtheimore,  the  use  of  the  concentrated  moment  representation 
takes  into  account  the  effect  that  motor  case  geometry  would 
exert  on  angular  mismatch  geometry. 

The  problem  of  axlsyaaetric  angular  mismatch  was  solved  by 
using  the  direct  stiffness  method  described  In  (l).  In  the 
neighborhood  of  the  angular  mismatch,  the  shell  was  represented 
by  a  series  of  finite  truncated  conical  elements  connecting 
nodal  circles  (Figure  3)»  It  was  assuned  that  the  displace¬ 
ments  everywhere  in  the  structure  could  be  described  In  terms 
of  the  displacement  of  the  nodal  circles  and  that  the  pressure 
load  could  be  replaced  by  a  set  of  equivalent  loads  at  the  nodal 
circles.  Compatibility  of  deformation  was  satisfied  precisely 
at  the  nodal  circles  and  approximately  along  the  other  elemental 
boundaries.  The  displacements  were  represented  by  the  three  displace¬ 
ment  components  u,  v  and  /d  at  each  nodal  circle.  These  dis¬ 
placements  and  the  corresponding  equivalent  loads  T,  N  and  M 
are  illustrated  in  Figure  3. 
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It  was  discovered  that  the  asgular  mienatch  problem  exhibited 
a  be«n>colviBn  type  of  non-linearity.  The  non-linearity  was 
taken  into  aceovint  by  using  the  incremental  force  method 
described  in  (2).  Briefly,  the  proof  pressure  load  of  the 
structure  was  broken  into  a  nttaber  of  Increments.  The  deflec¬ 
tions  were  computed  for  the  first  Increment  of  load  by  using 
the  stiffness  matrix  of  the  undeflected  structure.  The  com¬ 
puted  deflections  were  then  added  to  the  initial  geometry  and 
a  new  stiffness  matrix  was  calculated  for  the  partially  de¬ 
flected  structure.  The  deflections  for  the  second  increment 
of  load  were  then  computed  by  using  the  new  stiffness  matrix. 

This  procedure  was  rei>eated  until  the  total  pressure  load  was 
added  to  the  structvii«. 

The  accuracy  of  this  approximate  solution  depends  on  the  number 
of  increments  into  which  the  load  is  divided.  It  was  found 
that  for  the  particular  problem  of  clrcunferentlal  angulsu: 
mismatch,  division  of  the  load  into  more  than  five  increments 
resvilted  in  only  a  very  smsLll  change  in  the  computed  forces. 
Hence,  the  load  was  added  in  five  increments  in  slU  of  the 
solutions  described  herein. 

The  stresses  due  to  the  various  secondary  force  components 
developed  near  an  angular  mismatch  at  a  girth  weld  in  a  cylinder 
are  Illustrated  in  Figure  U.  The  stresses  are  for  the  particular 
geometzy  indicated  on  that  Figure.  The  dominant  stress  is  that 
generated  by  the  longitudinal  secondary  bending  moments.  The 
longitudinsil  bending  stress  is  maxlmun  at  the  apex  of  the  cusp 
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of  the  mlonatch.  The  shear  stresses  are  small  In  comparison 
to  most  of  the  other  secondary  stresses  emd  vlll  not  he  taken 
Into  account  In  the  computation  of  flav  size  correction  factors. 
All  other  secondary  forces  will  he  taken  into  consideration. 

The  flaw  size  correction  factors  computed  at  the  apex  of  the 
cusp  are  shown  for  three  different  motor  casings  in  Figures 
5,  6,  and  ?•  The  correction  factors  are  computed  using  the 
maxlrntn  moment  stresses  acting  in  the  outside  fibres  of  the 
casing  wall.  Hence,  the  correction  factors  are  conservative. 

3.2.2  Longitudinal  Welds:  In  the  analyses  of  angular  mismatch  at 
longitudlnsLl  welds  in  cylinders,  it  was  assumed  that  the  mis¬ 
match  geometry  was  xinifom  along  the  entire  length  of  the 
cylinder.  If  the  mismatch  is  not  mlfoim,  the  stresses  at 
the  point  of  msuxlmum  sink-in  can  he  approximated  hy  the 
stresses  in  a  uniformly  mlsmiatched  cylinder  which  contains 
a  slnk-in  equal  to  the  maximum  sink-ln  of  the  non-uniform 
mismatch. 

The  shape  of  the  assumed  angular  mismatch  curve  is  illustrated 
in  Figure  8.  This  simple  geometry  was  chosen  to  avoid  the 
complexities  which  arise  from  taking  the  curve  shape  caused  hy 
a  concentrated  moment  acting  at  the  longitudinal  weld.  The 
solutions  had  to  be  computed  by  hamd  and  a  choice  of  a  com¬ 
plicated  mismatch  geometry  would  have  added  greatly  to  the 
amoxait  of  hand  calculation  that  was  necessary.  It  was  found 
in  the  girth  weld  angular  mismatch  problem  that  the  solutions 
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derived  from  the  curve  shape  of  Figure  8  differed  little  from 
solutions  derived  for  the  more  ccnpllcated  mismatch  geometry 
of  Figure  2b.  Hence,  the  more  simple  geometry  vas  chosen  for 
the  solution  of  this  particular  problem. 

In  order  to  solve  the  longitudinal  angular  mismatch  problem, 
it  wets  assmed  that  the  cylinder  tinderwent  a  plane  strain  type 
of  deformation.  Hence  a  slice  could  be  imagined  to  be  cut  from 
the  cylinder  forming  a  ring.  Because  of  the  plane  strain  assvmp- 
tlon,  the  forces  developed  In  the  ring  by  the  pressure  acting  on 
the  slice  are  the  same  as  the  forces  generated  by  the  pressure 
acting  on  the  cylinder.  In  the  analysis  of  a  ring,  it  can  be 
imagined  that  the  circular  force  line  of  the  ring  is  straightened 
out  to  form  a  beam  as  In  Figure  9a.  For  loadings  syaMtrleal  to 
line  A>A  on  the  same  flgiure,  the  bovmdarles  of  the  analagous 
beam  would  be  fixed.  If  the  beam  is  loaded  with  the  longitudinal 
forces  pR  and  the  cylinder  with  the  pressure  p,  the  forces  gene¬ 
rated  in  the  two  structures  at  corresponding  points  are  identical. 
Intuitively,  it  was  felt  that  the  forces  developed  in  a  pressurized 
ring  with  angular  mianatch  would  be  very  nearly  the  same  as  the 
forces  developed  in  the  beam  of  Figure  9^.  The  only  difference, 
in  the  case  of  vinlform  longitudinal  mismatch,  would  be  the 
''pinching  effect"  of  the  pressure  acting  agednst  the  mismatch. 

This  effect  is  small.  A  linear  analysis  of  the  two  structures 
yielded  solutions  which  did  differ  only  by  the  "pinching  effect." 

A  non-linear  nimierlcal  analysis  vas  made  of  the  analagous  beam  of 
Figure  9b  in  order  to  determine  the  forces  generated  by  longitudinal 
suigular  mismatch.  A  set  of  deflections  was  assrxned  for  a  discrete 
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ninber  of  node  points  along  the  beam  and  the  moownts  generated 
by  the  longitudinal  forces  acting  through  the  deflections  was 
confuted.  The  deflections  resulting  frcnt  the  mouents  were  then 
detemined  at  each  node  point  and  ccmpared  with  the  assined 
deflections.  This  procedure  was  repeated  until  the  assiined  and 
confuted  deflections  agreed  at  every  node.  The  converged  answer 
is  the  correct  answer  to  the  problem.  The  analysis  was  made  by 
well  known  ntmerical  techniques  that  can  be  found  in  most  texts 
on  nunerlcal  analyses. 

The  magnitude  and  distribution  of  secondary  stresses  developed 
by  an  angular  mismatch  at  a  longitudinal  weld  are  shown  in 
Figure  10.  The  stresses  are  for  the  particular  geoBietxy  indi¬ 
cated  on  the  Figure.  The  dcminant  stress  is  the  clrcunferential 
bending  stress  which  is  maximun  at  the  apex  of  the  cusp.  The 
shear  stresses  are  small  and  will  not  be  taken  into  accoxmt  in 
the  conputation  of  flaw  size  correction  factors. 

The  flaw  size  correction  factors  computed  at  the  apex  of  the 
cusp  are  shown  for  three  different  motor  casings  in  Figures  11, 
12,  euid  13.  The  correction  factors  are  computed  using  the  maxi¬ 
ma  moment  stresses  in  the  outside  fibres  of  the  casing  wall. 

3.3  SPHERICAL  HEADS 

3. 3-1  Girth  Welds;  The  method  of  analysis  of  angular  mismatch  at 
giid:h  welds  in  spherical  heads  was  identical  to  the  method 
described  in  connection  with  emg\ilar  mismatch  at  girth  welds 
in  cylinders  (Section  3.2.1).  It  is  wished  to  do  some  fined 


Av-S 


-9- 


1 

I 

I 

I 

I 

I 

I 

I 

I 

I 

I 

I 

I 

I 


cheeking  of  the  result*  before  they  are  reported.  Saiq>le 
result*  are  presented  for  one  motor  case  In  Figure  5- 

3.3.2  Gore  Welds;  Because  of  the  unlfozm  geoaetiy  of  a  sphere, 
angular  mlanatch  at  gore  velds  gives  the  saaie  results  as 
does  angular  mismatch  at  girth  velds.  It  Is  recognized  that 
a  unlfozm  angular  mismatch  vlU  never  exist  In  a  spherical 
head.  Hovever,  it  Is  again  suggested  that  the  stresses  at 
the  point  of  maximm  sink* in  for  a  non-unlfozm  mlsnuiteh  vlU 
be  equal  to  O'  less  than  the  stresses  In  a  uniformly  mismatched 
gore  veld  vhlch  contsdns  a  slnk-ln  equal  to 
In  of  the  non-'Xmlfoim  silsaiatch.  Hence,  the 
coz*z>ectlon  fs^tor  vlU  be  given  for  angular 
glzth  and  gore  velds  In  s^erlcsd  heads. 


the  maxisnsB  sink- 
same  flaw  size 
mlsBUitch  at  both 


k.  RADIAL  MISMATCH 
U.l  AesimptlonB 

In  the  analysis  of  radial  mlamatch,  It  will  be  assvned  that 

1)  the  Klrehoff  assm^tlon  Is  valid, 

2)  radial  mismatch  results  only  In  an  offset  of  the  middle  surface  of 
the  shell  and  does  not  change  the  geonsetry  of  the  Joined  shell  seg> 
ments,  l.e.,  cylinders  remain  cylindrical  and  spheres  remadn 
spherical. 

The  first  assta&ptlon  reduces  the  radlad.  mismatch  problem  to  one  of  tvo 
dimensions  so  that  the  usual  tvo  dimensional  shell  theory  can  be  applied. 

The  second  eissuiiptlon  pemits  a  general  solution  vhich  is  applicable  to 
any  motor  casing.  In  motor  casings,  velds  are  used  to  Join  theoretically 
perfect  cylindrical  or  spherical  se^nents.  If  any  radial  mismatch  Is 
Introduced  at  the  veld,  the  Joined  sefijnents  cannot  be  geometrically 
perfect.  Hovever,  the  amounts  of  radial  mismatch  will  be  very  small 
In  comparison  to  the  radii  of  the  Joined  segments.  The  resultant 
deviations  from  the  assvned  geometrically  perfect  surfsuses  should 
nonosLlly  be  slight.  Hence,  the  second  assvmption  seems  quite  reason¬ 
able.  If  significant  geometry  changes  are  Introduced  by  a  radlsLL  mis¬ 
match,  each  individxial  problem  would  have  to  be  separately  suialyzed. 

4.2  Cylindrical  Casings 

4.2.1  Girth  Welds:  Consider  an  axisyTjjnetric  Internally  pressurized 
shell  which  has  an  axisymmetrlc  radial  mismatch  (Figure  14a). 

If  the  shell  is  imagined  to  be  cut  Into  two  pieces  by  a  pleuie 
passing  through  the  mismatched  section,  it  is  fundamentally 
possible  to  represent  the  forces  at  the  cut  section  by  equal 
and  opposite  shearing  forces  Q  sind  equal,  opposite,  and  col- 
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linear  forces  N  acting  along  some  \jnknown  line  of  action 
(Figure l-ib) .  There  is  no  bending  moment.  If  the  longitudinal 
forces  are  moved  to  the  middle  surfaces  of  the  shell  segnents, 
they  must  be  accompsinied  by  the  bending  moments  =  Nd  and 
M2  =  Ng  (Figure  14c).  The  two  moments  M-j^  and  Mg  differ  by  an 
amount  N  g  becavise  of  the  nonconcurrence  of  the  middle  sxir- 
faces.  This  Imbalance  in  moment,  N  g  ,  will  hereafter  be 
called  the  "mismatch  moment." 


By  writing  equations  of  continuity  at  the  Joint,  it  can  be 
shown  (3)  that 


=  yp  4-  pj^Hg 

M2=yp  +  p2Ng 

where 


^2M^5iH~S2H^  -  52M  (^1^2h)  (U) 

^  IB"  2IH^^^1M"82M^  ■  ^  IM"  2M^^5iH"82H^ 


The  subscripts  1  and  2  relate  the  subscripted  qviantities  to 
the  two  different  shell  segments  of  Figure  li<-. 

Since  the  shell  geometry  Is  assumed  to  be  symmetrical  with 
respect  to  the  mismatched  seam,  it  can  be  shown  that 
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O  (5, 

\F’‘\  - =  14 

and  the  moments  and  take  on  tie  value 

iM.l  =  1M-.1  =  m 

2 

A  further  consequence  of  the  assumed  symmetry  of  shell 
geometry  Is  that  the  change  In  membrane  force  N  which  is 
caused  by  the  radial  mismatch  is  zero  at  the  mismatched 
section.  Hence,  the  value  of  If  In  Equation  6  can  be  taken  as 
the  membrane  solution  value  of  N^. 

In  general,  circumferential  radial  mismatch  will  not  be  axi- 
symmetric.  However,  the  assiamptlon  of  Insignificant  geomet^ 
change  leads  to  the  following  result:  If  the  amount  of  radial 
mismatch  at  any  location  on  the  non-axlsymmetrlcally  mis¬ 
matched  Joint  Is  Bx. ,  the  value  of  the  moments  and  Mg  will 
be  /2  at  that  partlculeur  location. 

The  secondary  forces  developed  by  radial  mismatch  are  distributed 
to  the  adjacent  shell  segments  In  which  they  attenuate  to  zero. 

A  solution  (4)  Is  available  for  the  attenuation  of  the  forces 
near  a  axtsymmetrically  mismatched  circumferential  weld.  A 
solution  could  be  developed  for  non-axlsymmetrlc  mismatch  by 
means  of  a  Powler  Series  analysis.  However,  the  latter  solution 
has  not  been  undertaken. 

The  theoretical  distribution  of  longitudinal  bending  moments 
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*4.2.1  (cont'd) 

developed  by  a  axisyometrlc  radial  mismatch  is  included  in 
Flgute  15.  It  can  be  seen  that  the  peak  moments  occur  at  the 
mismatched  veld  and  that  the  weld  is  located  in  an  area  of 
rapidly  varying  secondary  stress.  It  is  recognized  that  the 
peedc  moments  computed  for  the  idealized  mismatch  of  Figure  1 
will  seldom,  if  ever,  be  realized  in  an  actual  vessel.  Actual 
mismatches  will  not  be  as  abrupt  as  that  shown  in  Figure  1. 
However,  it  is  conservative  to  use  the  theoretical  peak  moments 
in  computing  flaw  size  correction  factor.  Hence,  the  peak  moments 
will  be  used  in  this  appendix  in  the  flaw  size  correction  factor 
determination.  Furthermore,  it  appears  appropriate  to  assume 
that  the  peak  secondary  moments  are  constant  over  the  total 
width  of  nugget  and  heat  affected  zone. 

Computations  have  shown  that  stresses  developed  by  secondary 
forces  other  than  the  bending  moments  are  small.  For  example,  if 

=  I'SO  \n, 

t  = 

^  =  O.  I O  (V) 

p  'JGO  ^s.i . 

the  maximum  bending  and  shearing  stresses  are 

0~bendlng  =  26,300  psl 
CTshear  =  430  psl 

Hence,  account  will  be  taken  of  only  the  secondary  bending  moments 
and  primary  membrane  solution  forces  in  computing  flaw  size 
correction  factors. 
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4.2.1  (c<»it'd) 
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For  cylindrical  caalnga,  N  vlU  be  set  equal  to  ths  menbrane  value 
of  pR/2.  The  naxlnum  value  of  the  longitudinal  bending  manent 
Is  thenpR  &/4  where  S  Is  the  value  of  the  radial  nlssaitch  at 
the  section  under  Investigation.  The  resulting  clrcunferentlal 
bending  moment  Is S/k.  n>e  maximum  longitudinal  and  cir¬ 
cumferential  stresses  occur  In  the  extreme  fibers  of  the  casing 
wall  fluid  are  given  by  the  expressions 


The  corresponding  flaw  size  correction  factors  are 


-  [l  - 

At®  = 


Equations  8  are  plotted  In  Figure  l6. 

The  above  flaw  size  correction  factors  are  cooseirvatlve  values 
since  they  sure  based  on  the  maximum  stresses  which  occur  In 
the  extreme  fibers  of  the  vessel  wall. 

The  attenuation  of  the  values  of  the  longitudinal  flaw  size  correc¬ 
tion  factoim  in  em  axisynmetrlcally  mismatched  cylinder  Is 
illustrated  In  Figure  17. 
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4.2.2  ibe  same  assuoptlons  and  recMonlng 

that  were  tiaed  In  the  atrese  aneJiysla  of  mismatched  cir¬ 
cumferential  velds  havsbeen  used  In  the  stress  analysis 
of  mismatched  longitudinal  velds.  Hie  value  of  H  was 
taken  as  the  membrane  solution  value  of  N^vhlch  equals  pR. 
The  value  of  the  moments  and  Mq  beaom  pR  S/2  where  S 
Is  the  value  of  radial  mismatch  at  the  section  under 
consideration.  The  resulting  longitudinal  bending  moment 
Is  given  with  sufficient  accuracy  by/4pRV  •  Hence,  the 
naoclfflum  circumferential  and  longitudinal  stresses  in  the 
case  are 


CTe  ^  -t- 


(9) 


=  -fl  ^ 

The  corresp<mdlng  flaw  size  correction  factors  are 

A«  = 

Equations  10  are  plotted  In  Figure  18. 


A  study  of  the  attenuation  of  the  clrcvimferentlal  secondary 
bending  moments  was  made  In  (^}.  Solutions  were  derived 
for  longitudinally  mismatched  cylinders  with  simply  supported 
ends.  However,  If  the  silsmatch  Is  located  sufficiently  far 
away  from  the  end  support,  the  end  suppoirt  condition  should 
not  have  a  great  deal  of  effect  on  the  solution. 


VI5 
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U.3  Spherical  Heads 

4.3.1  Girth  Welds ;  Use  analysis  of  radially  mismatched  girth 

velds  In  spheres  Is  very  similar  to  the  analysis  described 
for  radially  mismatched  girth  velds  In  cylinders.  If 
the  head  Is  Imagined  to  be  cut  at  the  mismatch,  the  force 
system  on  the  cut  faces  can  be  represented  as  In  Figure 
14a  or|4b.  If  one  uses  the  simplified  theory  for  spherical 
shells  (4),  It  Is  found  that 

|Mi1=  |M2|  (11) 

which  Is  the  same  result  as  that  vhlch  vas  derived  for 
cyUndrlcal  shells. 


The  ratio  of  (R/t)  for  the  heads  of  large  rocket  motor  casings 
Is  very  large.  The  simplified  theory  of  spherical  shells 
gives  very  accurate  results  for  such  heads,  even  near  the 
crovn  of  the  heads.  Hence,  equation  11  Is  valid  for  all 
girth  velds  vhlch  do  not  fall  vlthln  the  area  of  Influence  of 
the  Y  ring  or  nozzle  adapter  ring. 


The  valvie  of  N  Is  the  membrane  solution  value  of  pR/2.  Ihe 
absolute  value  of  the  moments  Mi  emd  M2  Is  then  pRS/4--  The 
corresponding  circumferential  moment  lsyu.pR8/i-  Ignoring  the 
effects  of  shecurlng  forces  and  changes  In  the  ln*plane  forces 
of  the  stress  state,  the  maximum  meridional  and  circumferential 
stresses  at  the  mismatched  girth  veld  are 


(12) 
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U.3.1  (cont'd) 

The  corresponding  flaw  size  correction  factors  are 

(13) 

Atia  = 

Equations 13  are  plotted  In  Figure  16. 

U.3.2  Gore  Welds;  Using  the  simplified  type  of  analysis  described 
herein^  the  analysis  of  the  secondary  moments  developed  by 
mismatched  gore  velds  Is  Identical  to  the  same  analysis 
for  girth  welds.  The  resulting  flaw  size  correction  factors 
for  mismatched  gore  velds  Is 

■ 

Equations  l4  are  plotted  In  Figure  I8. 
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5.  AHAUrSIS  OF  GEOMETRIC  DISCOBTIRUITIES  ADJACEBT  TO  T-RIBG 

When  radial  and  «tngiiinr  siisnatch  occur  adjacent  to  a  Y-Rlng,  the  com¬ 
bined  effects  of  Y-Rlng  discontinuity  and  geometric  discontinuity  must 
be  determined.  Oonibined  effects  analysis  were  made  In  the  usual 
manner.  The  Y-Rings  vere  cut  into  a  number  of  segments  axid  the  shears 
and  moments  on  the  cut  faces  were  tehen  as  the  unknowns  for  which 
the  solution  was  to  be  conducted.  Equations  of  equilibrium  and 
continuity  were  written  for  each  Joint  and  the  resulting  sets  of 
simultaneous  linear  algebraic  equaHons  were  solved  for  the  unknown 
forces.  Two-dimensional  theory  was  used  In  all  solutions,  l.C.,  It 
was  assumed  that  plane  sections  remain  plane  and  normal  to  the  middle 
surface.  Ihe  elemental  breakdown  scheme  for  the  forward  Aerojet  26o, 
Thlokol  260,  and  Thlokol  1^6  Y-Rlngs  are  Included  in  Figures  I9  and  20. 

The  major  difficulty  In  performing  the  Y-rlng  analysis  was  cavtsed  by 
the  unusual  loading  conditions  used  In  the  proof  tests.  The  proof  test 
set-up  generates  a  large  tensile  stress  In  the  heads  of  the  casings. 
However,  the  skirts  are  loaded  with  a  small  compressive  force  In  Aerojet 
case  and  it  was  assumed  that  the  skirts  In  the  Thlokol  cases  will  be 
unloaded.  The  large  differences  In  skirt  and  head  forces  creates  a 
large  moment  at  the  Junction  of  the  bead,  skirt  and  thickened  portion 
of  the  Y-Rlng.  It  Is  recognized  that  the  use  of  two-dimensional  theory 
will  result  In  some  Inaccuracies  in  the  analysis  at  the  above  mentioned 
Junctions.  However,  a  three  dimensional  elasticity  solution  of  the 
Junction  Is  prohibitively  difficult.  Hence,  two-dimensional  theory 
was  used  In  the  analysis  described  herein.  A  knowledge  of  the  stress 
level  that  are  developed  in  the  Jxmctlon  area  can  best  be  determined 
from  measurements  of  strain  during  proof  test. 
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5.  (cont'd) 

An  analysis  was  conducted  to  determine  the  effects^on  stress, of  plate 
delamlnatlon  near  a  weldment.  The  delamlnatlons  were  assumed  to  occur 
only  In  the  parts  of  the  casings  which  are  to  be  fabxl  cated  from  plate 
stock.  The  locations  and  magnitudes  of  the  assumed  delamlnatl«u  are 
Illustrated  In  Figures  19  and  20.  The  flaw  size  correction  factors 
determined  for  combined  delamlnatlon  and  radial  mismatch  at  both 
head  to  Y-rlng  and  shell  to  Y-rlng  welds  Is  Illustrated  for  both  260- 
Inch  diameter  Aerojet  and  Thlokol  casings  In  Figures  21  through  2k 
(the  solution  for  the  136-lnch  diameter  Thlokol  easing  Is  not  coo^lete 
at  this  time).  The  delamlnatlons  were  etssumed  to  occur  at  a  depth  of 
U.373  t  from  the  siirface  of  the  plate  In  both  Thlokol  casings.  Analysis 
showed  that  delamlnatlon  at  this  location  resulted  In  marl mum  stress 
In  the  delaminated  material.  In  the  Aerojet  casing,  solutions  were 
conducted  for  only  mld>plane  delamlnatlons.  Ihe  stress  differences 
between  mid-plane  and  0.37^t  del^amlnatlons  si^e  small.  !Ihe  results  show 
that  delamlnatlons  can  have  a  significant  effect  on  the  flaw  size 
correction  factor. 

An  analysis  was  conducted  to  determine  the  effect^  on  stress  ^of  angul|tT- 
mismatch  at  the  head  to  Y-Rlng  weld  In  the  260-lneh  diameter  Aerojet 
casing.  The  analysis  was  linear  and,  hence,  overestimates  the  flaw 
size  correction  factors.  However,  the  results  are  conservative  and 
are  presented  In  Figure  25. 
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b.  SUM4ARY 

Secondary  stresses  developed  by  radial  and  angular  discontinuities  at  welds 
in  large  pressure  vessels  have  been  computed.  The  discontinuities  were 
assimed  to  occur  Individually.  The  combined  effects  of  radial  and  Y-ring 
discontinuity  and  ang\ilar  and  Y-rlng  discontinuity  were  determined.  An 
aneOysls  of  the  effects  of  delamination  In  the  material  adjacent  to  a  Y- 
rlng  also  was  made. 

The  effect  of  the  secondary  stresses  on  the  flaw  sizes  which  can  be  allowed 
at  the  weld  locations  has  been  computed. 
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Esso  Research  and  Engineering  Company 
Special  Projects  Unit 
P.  0.  Box  8 

Linden,  New  Jersey  O7036 
Attn:  Mr.  D.  L.  Baeder 


General  Electric  Conqpany 

Cincinnati,  Ohio  45215 

Attn:  Tecltolcal  I^ormatlon  Center 

Allison  Division 
General  Motors  Corporation 
Indianapolis,  Indiana  46206 
Attn:  Plant  8,  Tech.  Library 
Mr.  L.  R.  Smith 

Hercules  Powder  Company 
Allegany  Ballistics  Laboratory 
P.  0.  Box  210 
Cumberland,  Maryland  21501 
Attn :  Library 

Jet  Propulsion  Laboratory 
4800  Oak  Grove  Drive 
Pasadena,  California  91103 
Attn:  Library  (TDS) 

Mr.  N.  E.  Devereux 

Lockheed  Propulsicxi  Company 

P.  0.  Box  111 

Redlands,  California  92374 

Attn:  Miss  Belle  Berlad,  Llbreurlan 

Martin  Company 
Baltimore,  Maryland  21203 
Attn:  Science  -  Technology 
Library  -  Mail  398 

Martin  Company 
Advanced  Technology  Library 
P.  0.  Box  1176 
Denver,  Colorado  80201 

Minnesota  Mining  &  Manufacturing  Co. 

900  Bush  Avenue 

St.  Paul,  Minnesota  5^106 

Attn:  J.  D.  Ross 

VIA:  H.  C.  Zeman 

Security  Administrator 

Monsanto  Research  Corporation 
Boston  Labs.,  Everett  Station 
Boston,  tfeissachusetts  02149 
Attn:  Library 

New  York  University 
Dept,  of  Chemical  Engineering 
New  York,  New  York  10053 
Attn:  P.  F.  Wlntemitz 
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North  American  Aviation,  Inc. 

Space  and  Infonnation  Systems  Dlv. 
12214  Lakewood  Boulevard 
Downey,  California  90242 
Attn:  W.  H.  Morita 

Rocketdyre 

6633  Canofea  Avenue 

Canoga  Park,  California  91304 

Attn:  Library,  Dept.  596-306 

Space  Technology  Laboratory,  Inc. 

1  Space  Park 

Redondo  Beach,  California  90200 
Attn:  STL  Tech.  Lib.  Doc. 
Acquisitions 

Texaco  Experiment  Incorporated 
P.  0.  Box  1-T 
Richmond,  Virginia  23203 
Attn ;  Librarian 

Tlilokol  Chemical  Corporation 
Alpha  Division,  Huntsville  Plant 
Huntsville,  Alabama  35800 
Attn:  Technical  Director 

Thlokol  Chemical  Corporation 
Alpha  Division 
Space  Booster  Plant 
Brunswick,  Georgia  31500 

Thlokol  Chemical  Corporation 
Elkton  Division 
Elkton,  Maryland  2192I 
Attn :  Librarian 

Thlokol  Chemical  Corporation 
Reaction  Motors  Division 
Denville,  New  Jersey  07834 
Attn :  Librarian 

Thlokol  Chemical  Corporation 
Wasatch  Division 
P.  0.  Box  524 
Brigham  City,  Utah  84302 
Attn :  Library  Section 


Thompson  Kamo  Wooldridge 
23555  Euclid  Avenue 
Cleveland,  Ohio  44117 
Attn :  Librarian 

United  Aircraft  Corporation 
Corporation  Library 
400  Main  Street 

East  Hartford,  Connecticut  06118 
Attnj  Dr.  David  Rlx 

Ikilted  Aircraft  Corporation 
Pratt  &  Whitney  Fla.  Res.  &  Dev. 
Ctr. 

P.  0.  Box  2691 

W.  Palm  Beach,  Florida  33402 
Attn:  Library 

United  Technology  Center 
P.  0.  BOX  358 

Sunnyvale,  California  94088 
Attn :  Librarian 

General  Electric  Company 
Apollo  Support  Departanent 
P.  0.  Box  2500 
Daytona  Beach,  Florida  32015 

Mr.  W.  F.  Brown,  Jr. 

NASA/Lewis  Research  Center 
21000  Brookpark  Road 
Cleveland,  Ohio  44135 

Central  Intelligence  Agency 
2430  E.  Street,  N.  W. 

Washington,  D.  C.  20505 
Attn:  f^CD,  Standard  Dlst. 

Bureau  of  Ships 
Code  634b 

Washington  D.  C.  20390 
Attn:  T.  J.  Griffin 

Iftilted  States  Steel  Corporation 
Applied  Research  Lab. 

P.  0.  Box  38 

Monroeville,  Pennsylvania 
Attn:  Dr.  J.  H.  Gross 
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Rensselaer  Polytechnic  Institute 
Materials  Engineering  Department 
"Proy,  New  York 
Attn:  Mr.  W.  F.  Savage 

AFFDL  (FDTR/Mp.  Royce  Forman) 
Wright -Patterson  AFB,  Ohio  ^*-5^33 

APML  (MAA/Lt  Col.  W.  Postelnek) 
Wright -Patterson  AFB,  Ohio  45433 

AFML  (MAX/Dr.  A.  M.  Lovelace) 
Wright-Patterson  AFB,  Ohio  45433 

AFML  (MAAA/Lt.  Col.  G.  W.  Roust) 
Wright-Patterson  AFB,  Ohio  45433 

APML  (MAAE/Lt.  R.  Roeschlein) 
Wright-Patterson  AFB,  Ohio  45433 

A1<ML  (MAAE/W.  P.  Conrardy) 
Wright-Patterson  APB,  Ohio  45433 

APML  (MAAE/e.  W.  McKelvey) 
Wright-Patterson  AFB,  Ohio  45433 

AFML  (MAAM/S.  0.  Davis) 

Wrd ght -Patterson  AFB,  Ohio  45433 

AFt'IL  (MAAM/M.  Knight) 

Wrlgtit- Patters  on  APB,  Ohio  45433 

AFML  (MAAM/d.  Shinn) 
Wright-Patterson  AFB,  Ohio  45433 

AFML  (MAAM/Lt.  N.  G.  Tupper) 
Wright-Patterson  AFB,  Ohio  45433 

AFML  (MAMD/  J.  a.  Holloway) 
Wright-Patterson  AFB,  Ohio  45433 

AFML  (MAMD/  R.  Rowand) 
Wright-Patterson  AFB,  Ohio  45433 

AFML  (MAMP/I.  Perlmutter) 
Wright-Patterson  AFB,  Ohio  45433 

AFML  (MAMP/r.  E.  Bowman) 
Wright-Patterson  AFB,  Ohio  45433 

AFML  (I4AMP/R.  T.  Ault) 
Wright-Patterson  AFB,  Ohio  45433 


APML  (MATB/G.  Glenn) 

Wright-Patterson  AFB,  Ohio  45433 

APML  (MAT/Col.  M.  S.  Fields) 
Wright-Patterson  AFB,  Ohio  45433 

APML  (MATF/Mr.  F.  R.  Miller) 
Wright-Patterson  APB,  Ohio  45433 

AFRPL  (RPMB/Mt.  D.  Hart) 

Edwards  AFB,  California  93523 

AFRPL  (RPMB/MaJ.  0.  Krone) 

Edwards  APB,  California  93523 

SSD  (SSBS/MbJ.  E.  Dabrowskl) 

AF  Unit  Post  Office 

Los  Angeles  California  90045 

SSD  (SSTRT/Mt.  P.  Propp) 

AF  Unit  Post  Office 

Los  Angeles  California  90045 

HQ.  U.  S.  Army  Materiel  Command 
Attn:  AMCRD-RC-M  (Mr.  L.  S.  Groan) 
Building  T-7 
Washington,  D.  C.  20315 

Army  Tank-Automotive  Center 

Mater leds  Laboratory 

Attn:  Mr.  Charles  J.  Kropf/SMOTA-RCM) 

28251  Van  Dyke 

Warren,  Michigan  48090 

Commanding  Officer 
Frankford  Arsenal  -  U.  S.  Army 
Attn:  D.  F.  Armlento/SMUFA-L  7400 
Bridge  &  Tacony  Streets 
Philadelphia,  Pennsylvania  19137 

U.  S.  Army  Missile  Command 
Directorate  of  Research  &  Development 
Propulsion  Laboratory 
Attn:  Mr.  W.  S.  Crownover/AMSMI-RKP 
Redstone  Arsenal,  Alabama  35809 

Commanding  Officer 
2705  Ammunition  Wing 
Ogden,  Utah 

NASA 

Marshall  Space  Flight  Center 
Attn:  Dr.  W.  R.  Lucas 
M-P&VE-M 

Huntsville,  Alabama 
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NASA  Headquarters  U.  S.  Naval  Research  Lebca*atory 

Attn:  Mr.  R.  A.  Wasel  Department  of  the  Navy 

Code  RPM  Attn:  Dr.  B.  P.  Brown  (Code  6320) 

Washington,  D.  C.  Washington,  D.  C.  20390 


NASA 

Attn:  Mr.  Harry  Williams 
150  Pico  Blvd. 

Santa  Monica,  California 

NASA  -  Lewis  Research  Center 
Attn:  Mr.  J.  Kramer 
MS  500-209 
21000  Brookpark  Road 
Cleveland,  Ohio 

NASA  -  Marshall  Space  Pllfijit  Center 
Attn:  Mr.  M.  G.  Olsen 
R-P&VE-MMJ 
Huntsville,  Alabama 

NASA-Marshall  Space  Flight  Center 
Attn:  Mr.  John  Miller 
R-P  &  VE-PP 
Hunt  s  vJ lie ,  Alabama 

Bureau  of  Naval  Weapons 
Department  of  the  Navy 
Attn:  RRMA-24  (Mr.  Roy  Gustafson) 
Washington,  D.  C.  2036O 

Chief, 

Bureau  of  Naval  Weapons 
Department  of  the  Navy 
Attn:  Mr.  S.  J.  Matesky 
Washington,  D.  C.  20360 

Chief, 

Bureau  of  Naval  Weapons 
Department  of  the  Navy 
Attn:  Mr.  N.  E.  Proolsel 
Washington,  D.  C.  2036O 

Chief, 

Bureau  of  Ships 

Department  of  the  Navy 

Attn:  Code  634B  (Mr.  T.  J.  Griffin) 

Washington,  D.  C.  20390 

Chief, 

Bureau  of  Ships 
Department  of  the  Navy 
Attn:  Code  314 A  (Mr.  G.  Sorkln) 
Washington,  D.  C.  20390 


U.  S.  Naval  Research  Laboratory 
Attn:  Mr.  Steven  Hart 
Washington,  D.  C.  20390 

U.  S.  Naval  Research  laboratoiy 
Attn:  Dr.  G.  R.  Irwin  (Code  6212) 
Mechanics  Division 
Washington,  D.  C.  20390 

U.  S.  Naval  Rese£u:ch  Laboratory 
Attn:  Dr.  H.  Romlne  (Code  6212) 
Mechanics  Division 
Washington,  D.  C.  20390 

U.  S.  Naval  Research  Laboratory 
Attn:  Mr.  J.  M.  Krafft 

Mechanics  Division 
Washington,  D.  C.  20390 

Aerojet -General  Corporation 
Solid  Rocket  Plant 
Attn:  Mr.  R.  Cottrell 
P.  0.  Box  1947 
Sacramento,  California 

Aerojet-General  Corporation 
Solid  Rocket  Plant 
Attn:  Mr,  P,  P.  Criramlns 
P.  0.  Bok  1947 
Sacramento,  California 

Aerojet -General  Corporation 
Solid  Rocket  Plant 
Attn:  Mr.  W.  S.  Tenner 
P.  0.  Bck  1947 
Sacramento,  California 

Aerospace  Corporation 

Attn:  Mr.  John  C.  Battelger 

1111  Mill  Street 

P.  0.  Box  1308 

San  Bernardino,  California 

Aerospace  Corporation 
El  Segundo  Corporation 
Attn:  Dr.  George  Kendall 
2350  East  El  Segundo 
El  Segundo,  California  90045 


U.  3.  Naval  Research  Laboratory 
Navy  Department 

Attn:  Mr.  C.  D.  Beachem  (Code  6322 
Washington,  D.  C.  20390 
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Aerospace  Corporation 
Attn:  Mr.  Harold  Smallen 
Engineering  Division 
2UOO  E.  El  Segundo  Blvd 
El  Segundo,  California 

Air  Reduction  Company 
Attn:  Mr.  K.  E.  Dorschu 
Process  &  Equipment  Development 
Mountain  Avenue 
Murray  Hill,  New  Jersey 

Allegheny  Ballistics  Laboratorj' 

Attn:  Mr.  R.  Randolf 
Hercules  Powder  Company 
Cumberland,  Maryland 

Allison  Dlvlslai/GMC 
Attn:  Mr.  D.  Hanlnk 
IndlEUiapolls  6,  Indiana 

ARDE,  Incorporated 
Attn:  Mr.  Ralph  H.  Alper 
100  West  Century  Road 
Paramus,  New  Jersey 

Automation  Industries,  Inc. 

Research  Laboratory 
Attn :  Dale  Maley 
Industrial  Park 
Boulder,  Colorado 

Automation  Industries,  Inc. 

Attn :  Jerry  Possdcony 
Industrial  Park 
Boulder,  Colorado 

AVCO  Manufacturing  Corporation 
Research  &  Advanced  Development  Division 
Attn:  C.  H.  Hastings 
201  Lowell  Street 
Wilmington,  Massachusetts 

Bell  Aerosystems  Conpany 
Attn:  Mr.  J.  R.  Plselli 

Director  of  Engineering 
Buffalo  5,  New  York 

Branson  Instrument  Incorporated 
Attn:  Peter  Bloch 
57  Brown  House  Road 
Standford,  Connecticut  06902 


The  Budd  Company 
Attn:  Walter  J.  Hauck 
2430  Huntlngpark  Avenue 
Philadelphia,  Pennsylvania  I9132 

California  Institute  of  Technology 
Attn:  Dr.  M.  L.  Williams 
1201  E.  California  Blvd. 

Pasadena,  California  9IIO9 

Chicago  Bridge  &  Iron  Company 
Attn:  Mr.  C.  D.  Miller 
25  Prospect  Avenue,  West 
Cleveland  15,  Ohio 

Curtiss -Wright  Corporation 
Attn:  Mr.  E.  P.  Gllewlcz 
Wrl^t  AeronautlcELl  Division 
Passaic  Avenue 
Woodridge,  New  Jersey 

Curtiss -Wright  Corporation 
Attn:  Mr.  S.  Klrschener 
Wright  Aeronautical  Division 
Passaic  Avenue 
Woodridge,  New  Jersey 

Curtiss -Wright  Coirporatlon 
Attn:  Mr.  J.  Sohn,  Manager 
Metallurgy 

Wright  Aeronautical  Division 
Passaic  Avenue 
Woodridge,  New  Jersey 

ace 

Battelle  Memorial  Institute 
Attn:  Mr.  G.  T.  Hahn 
505  King  Avenue 
Columbus  1,  Ohio 

MCC 

Battelle  Memorial  Institute 
Attn:  Mr.  R.  J.  Runck 
Columbus,  Ohio  43201 

Dougleis  Aircraft  Company,  Inc. 
Missiles  and  Space  Systems  Division 
Attn:  C.  J.  Adams,  Group  Engineer 
Mechanical  &  NDT  Section 
Santa  Monica,  California 

Douglas  Aircraft  Conpany 
Attn:  Mr.  R.  H.  Christensen 
3000  Ocean  Park  Blvd 
Santa  Monica,  California 
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Excelco  Developments,  Incorporated 
Attn:  Mr.  Ward  Abbott 
Mill  Street 

Silver creek,  New  York  l4l36 

Foster  Wheeler  Corporation 
Attn:  Mr.  E.  L.  Daman 

Director  of  Research 
110  South  Orange  Avenue 
Livingston,  New  Jersey  07039 

General  Dynamics/Convair 
Attn:  Mr.  H.  F.  Greet 
P.  0.  Box  1108 
San  Diego,  California  92112 

General  Dynamics  Corporation 
Electric  Boat  Division 
Attn:  Mr.  L.  A.  Luinl 

R.  &  D  Department 
Groton,  Connecticut 

Creneral  I>/namlcs/Electrlc  Boat 
Attn:  Dr.  H.  E.  Sheets 
Director  of  R  &  D 
Groton,  Connecticut 

General  Electric  Company 
Attn:  D.  C.  Barnes 
Rocket  Case  Section,  Bldg.  700 
Cincinnati  15,  Ohio 

General  Electric  Company 
Research  Laboratory 
Attn:  Dr.  John  R.  Low,  Jr. 

P.  0.  Box  1088 
Schenectady,  New  York 

Grand  Central  Rocket  Company 
Attn:  S.  F.  Harris 
P.  0.  Box  11 
Redlands ,  California 

Hughes  Aircraft  Company 
Attn:  Robert  W.  Jones 
Culver  City,  California 

International  Nickel  Co.,  Inc. 
Attn:  Mr.  R.  E.  Decker 
Research  Laboratories 
30  Oak  Street 
Bayonne,  New  Jersey 


Ladlsh  Company 
Attn:  Mr.  Robert  Daykin 
Metallurgical  Department 
Cudahy,  Wisconsin 

Linde  Company 

Union  Carbide  Corporation 

Attn:  Mr.  R.  L.  Hackman 

Electric  Welding  Development 
P.  0.  Box  2819 
Newark,  New  Jersey  07114 

Lockheed-Missile  &  Space  Ccxopany 
Attn:  Mr.  R.  E.  Lewis 

Itept.  52-30,  B204 
3251  Hanover  Street 
Palo  Alto,  California 

Lockheed-Missile  &  Space  Coopeuiy 
Attn:  Dr.  Leo  Schaplro 

52-30/201/2 

3251  Hanover  Street 
Palo  Alto,  California 

Lockheed  Propulsion  Company 
Attn:  Mr.  J.  S.  Coverdale 
P.  0.  Box  111 
Redland,  California 

Magnaflxix  Corporation 
Attn:  D.  O'Connor 
7300  West  Lawrence  Avenue 
Chlceigo  31>  Illinois 

ManLabs,  incorporated 
Attn:  Dr.  B.  S.  Lement 
21  Erie  Street 
Cambridge  39^  Massachusetts 

Mellon  Institute 
Attn:  Dr.  G.  K.  Bhat 
4400  Fifth  Avenue 
Pittsburgh,  Pennsylvania  15213 

National  Science  Foundation 
Uhdergraduate  Education  in  the  Sciences 
Attn:  Dr.  Paul  C.  Paris 
1730  K  Street,  N.  W. 

Washington,  D.  C.  20550 

Newport  News  Shipbuilding  &  Dry  Dock  Co. 
Attn:  Mr.  G.  S.  Barlow,  Jr. 

New  port  News,  Virginia 


-9- 


Newport  News  Shipbuilding  &  Diy  Dock  Co. 
Attn:  Mr.  Krank  Duffey 
Newport  News,  Virginia 

Newport  News  Shipbuilding  &  Dry  Dock  Co. 
Attn;  Mr.  W.  L.  Lamerdln 
Newport  News,  Virginia 

North  .\merlcan  Aviation,  Inc. 

Rocketdyna  Division 
Attn;  Mr.  E.  L.  Klein, 

Manager-Advanced  Products 
Solid  Rocket  Division 
McGregor,  Texas 

North  American  Aviation,  Inc. 

los  Angeles  Division 

Attn:  Mr.  William  D.  Padlan 

Welding  Laboratory 

International  Airport 

Los  Angeles,  California  90009 

North  American  Aviation 
Los  Angeles  Division 
Attn;  Dr.  C.  S.  Yen 
International  Airport 
Los  Angeles,  California  90009 

NT^^^  Missile  Engineering,  Inc. 

Alcoa  Avenue 

ios  Angeles,  California  90058 

The  Ohio  State  University 

Department  of  Metallurgical  Engineering 

Attn;  Prof.  J.  W.  Spretnak 

116  West  19th  Avenue 

Columbus,  Ohio  43210 

Republic  Steel  Corporation 

Research  (.Center 

Attn:  Mr.  S.  J.  Matas 

P.  0.  Box  7806 

6801  Brecksville  Road 

Cleveland,  Ohio  44131 

Republic  Steel  Corporation 
Attn;  Mr.  T.  J.  Shimmln 
Central  Alloy  District 
Massillon,  Ohio 


Republic  Steel  Corporation 
Attn:  Mr.  R.  J.  Pleuje 
Alloy  Steel  Division 
4l0  Oberlln  Avenue,  S.  W. 

Massillon,  Ohio 

Rocketdyna 

Attn:  Mr.  R.  L.  Black 
Solid  Rocket  Division 
Johnson  Drive 
McGregor,  Texas 

Rohr  Corporation 
Attn:  Mr.  T.  R.  Bradley 
P.  0.  Box  878 
Chula  Vista,  California 

Sandla  Corporation 
Attn:  Mr.  C.  H.  Maak 
Materials  Laboratory  1121 
Sandla  Base 

Albuquerque,  New  Mexico 

Southwest  Research  Institute 
Attn:  Mr.  J.  R.  Barton 
8500  Culebra  Road 
San  Antonio,  Texas  78206 

Southwest  Research  Institute 
Attn:  Mr.  L.  U.  RastreUl 
8500  Culebra  Road 
San  Antonio,  Texas  76206 

Space  Technology  Laboratories 
Attn:  Dr.  P.  N.  Randall 
Materials  Sciences 
Redondo  Beach,  California 

Sperry  Products  Company 
Attn:  Mr.  H.  E.  Van  Valkenburg 
Danbury,  Connecticut 

Sun  Shipbuilding  &  Dry  Dock  Company 
Rocket  Fabrication  Division 
Attn:  Mr.  Charles  Garland 
Chester,  Pennsylvania 

Sun  Shipbuilding  &  Dry  Dock  Company 
Attn:  Mr.  Byron  Nierenberg 
Chester,  Pennsylvania 
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Syracuse  Iftilversity 
Attn:  Dr.  Volker  Weiss 
Bldg  D6  CoUendale  Campvis 
Syracuse,  New  York  13210 

TOiokol  Chemical  Corporation 
Attn:  Mr.  P.  Craig, 

Technical  Director 
Space  Booster  Division 
Brunswick,  Georgia  31520 


U.  S(  Steel  Corporation 
Applied  Research  Lahoratoxy 
Attn:  Mr.  J.  H.  Gross,  Chief 
Ordnance  Products  Division 
Monroeville,  Pennsylvania  1^146 

U.  S.  Steel  Corporation 
i^lied  Research  Laboratory 
Attn:  Mr.  G.  E.  PelUsaler  (MS-16) 
Monroeville,  Pennsylvania  15146 


Thlokol  Chemical  Corporation 
Alpha  Division 
Attn:  Mr.  T.  H.  Bums, 
Metalliorglst 
Huntsville,  ALabama 

Thlokol  Chemical  Corporation 
Attn:  Mr.  J.  F.  Douglas 
Space  Booster  Division 
Brunswick,  Georgia 

Thlokol  Chemical  Corporation 
Attn:  Mr.  A.  G.  Melville 

Materials  Department 
Wasatch  Division 
Brigham  City,  Utah  84302 

TRW,  Incorporated 
Equipment  Laboratories 
Attn:  Dr.  J.  M.  Gerken 
23555  Euclid  Avenue 
Celveland,  Ohio  44117 

TRW 

Electrcoiechanlcal  Division 
Attn:  Mr.  E.  A.  Stelgexvald 
23555  Euclid  Avenue 
Cleveland,  Ohio  44117 

Uhlted  Technology  Center 
Attn:  Mr.  S.  M.  Jacobs 
P.  0,  Box  358 

Sunnyvale,  California  94o88 


U.  S.  Steel  Corporation 
Attn:  Elgin  Van  Meter 
525  William  Penn  Place 
Plttsbirrgh,  Pa. 

Westlnghouse  Electric  Corporation 
Advanced  Development/Rocket  Motor  Case 
Department 

Attn:  Mr.  G.  W.  EUenburg,  Manager 
Lester  Branch  P.  0.  Box  9175 
Philadelphia,  Pennsylvania  19113 

Westlnghouse  Electric  Corporation 
Research  &  Development  Center 
Attn:  H.  Greenberg,  Manager 
Beulah  Road,  Churchill  Boro 
Pittsburgh,  P»..  15235 

Westlnghouse  Electric  Carporatlon 
Research  Laboratory 
Attn:  Ifr.  E.  T.  Wessel 
Beulah  Road,  Churchill  Boro 
Pittsburgh,  Pa.  15235 

Syman-Gordan  Company 
Research  &  Development  Depaz^ent 
Attn:  Mr.  Robert  B.  Sparks 
Worcester,  Massachusetts 


Ifelverslty  of  Illinois 

Attn:  Dr.  Herbert  T.  Corten 

Dpet.  of  Theoretical  &  Applied  Mechanics 

Urbana,  Illinois 


